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FLAT-PLATE* SOLAR ARRAY PROJECT 


EXPERIMENTAL PROCESS SYSTEM DEVELOPMENT UNIT FOR 
PRODUCING SEMICONDUCTOR-GRADE SILICON USING THE 
S ILANE-TO- SILICON PROCESS 


FINAL REPORT (PHASE III) 

PERIOD COVERED: APRIL 1979 - DECEMBER 1981 

JET PROPULSION LABORATORY (JPL) CONTRACT 954334 

ABSTRACT 


The commercial production of low-cost semiconductor-grade silicon is 
an essential requirement of the JPL/DOE (Department of Energy) Flat-Plate* 
Solar Array (FSA) project. A 1000-metric-ton-per-year commercial facility 
using the Union Carbide Silane Process was estimated to produce molten 
silicon for a price of $7. 56/kg (1975 dollars, private financing), meeting 
the DOE goal of less than $10/kg. 

During Phases I and II (refer to June 1979 Final Report), the basic 
technology was demonstrated by laboratory experiments that silane can be 
produced via a closed-loop chemical process and that silane can be pyrolyzed 
in a free-space reactor to produce polycrystalline silicon powder. The ob- 
jective of Phase III for the establishment of the practicality of a process 
producing semiconductor-grade silicon by a two-step process, the preparation 
of silane and the subsequent pyrolysis of silane to yield high-purity silicon, 
was (1) the detailed engineering design, fabrication, installation, checkout, 
and operation of an Experimental Process System Development Unit (EPSDU) , 


*Formerly called "Low Cost Solar Array Project" 
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(2) the performance of a supporting research and development program to 
provide an information and quality control base usable for the EPSDU and 
for technological design and economic analyses for potential scale-up of 
the process, and (3) the performance of iterative economic analyses of 
the estimated product cost and of large-scale plant cost for production 
of semiconductor-grade silicon in a EPSDU capable of 100 metric tons of 
silicon per year. 

Because of a severe funding recision in 1981, only a part of the Phase 
III objective was accomplished, viz: 


Task 

Description 

Status 

1.1 

Design/Procurement 

Completed . 

1.2 

Equip. Fabrication/Delivery 

Completed . 

1.3 

Installation/ Checkout 

Site and civil work completed. 

1.4 

Operation 

Preparation of Operating Manual 
started. 

1.5 

Commercial Process Economic 
Analysis 

No budget. 

1.6 

Process Support R&D 

Free-space reactor and shotting 
R&D completed, and stop work ord 
issued in May 1981 on fluid-bed 
reactor R&D. 

1.7 

Program Management 

As required. 


Phase III program will not be completed as planned. However, negotiations 
are underway between Union Carbide and DOE/JPL for Union Carbide with its 
own funding to complete construction of the EPSDU. 


xi 


1.0 


INTRODUCTION 


This report presents the summary of work performed by Union Carbide 
Corporation (UCC) for the Jet Propulsion Laboratory under the Phase III 
continuation of Contract 954334 during the period April 1979 through 
December 1981. This contract, a part of the JPL/DOE Flat-Plate Solar 
Array Project, has the ultimate goal to develop the process technology for 
the manufacture of semiconductor-grade silicon in a large commercial plant 
by 1986, at a price less than $14 per kilogram of silicon based on 1975 
dollars. 

BACKGROUND 

Union Carbide began producing metallurgical-grade silicon at Niagara 
Falls, N.Y. , in the 1920 s and, in the early 1930's, expanded production 
capacity by constructing a new facility in Alloy, W. Va . Although the silicon 
business was sold during 1981, the Corporation retains strong ties to this 
product area. 

Because of a continuing interest in silicon chemistry, a series of re- 
search projects that began at the Tonawanda Laboratories in 1940 resulted 
in the development of several commercially useful silicon compounds. Two 
processes researched then have direct application to the present silane-to- 
silicon process viz: the copper catalyzed, high temperature hydrogenation 

reaction for the production of tr ichlorosilane and the subsequent technique 
of redistributing trichlorosilane to dichlorosilane . 

These research projects ultimately led to the construction of a large 
commercial facility for producing silicon compounds in Sister sville , W. Va., 
in 1955 and to the formation of the Silicones Division in 1956. Further re- 
search in many areas over the ensuing years has produced a number of relevant 
accomplishments: 

• Research work at Sistersville in the early 1960's resulted in the 
perfection of purification processes capable of reducing boron and 
phosphorous contaminants in trichlorosilane to extremely low levels, 
and in the development of analytical techniques to detect fractional 
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par ts-per-billion concentrations of these contaminants in trichloro- 
silane . 

• In the early 1970's chlorosilane redistribution equilibria and ki J 
netics were studied extensively using various catalysts. Rohm and 
Haas' Amberlyst ^ A-21 catalyst was found to support highly satis- 
factory redistribution reaction rates for chlorosilanes . This cat- 
alyst was used to produce commercial dichlorosilane by redistributing 
trichlorosilane, and to produce silane by redistributing dichloro- 
silane. These two distribution reactions over A-21 catalyst are used 
in the present silane-silicon process. 

• In 1957 the technology for producing semiconductor-grade silicon by 
pyrolyzing trichlorosilane in heated quartz tubes was developed at 
the Parma, Ohio, Research Laboratories, and silane produced by the 
molten-salt process was pyrolyzed to yield silicon metal. The tri- 
chlorosilane pyrolysis technology was used between 1958 and 1963 to 
produce lump semiconductor-grade silicon for the electronics industry. 

Although Union Carbide had been heavily involved in many facets of the 
silicon and silicones business over the years, the technology was scattered 
throughout several divisions and locations. In 1974, a corporate task force 
was established to assess Union Carbide's total capability and direct future 
activities in a coherent fashion. As a result, the wide expertise was made 
available to support a more focused effort. The available technologies in- 
cluded silicon chemistry; gas-phase pyrolysis; fluid-bed technology; analy- 
tical and electronic evaluation; economic analysis and forecasting; safety, 
hazards, and toxicity; molten-salt technology; and process engineering. 

Corporate research activities were resumed in early 1975 with a program 
for producing high-purity, granular silicon metal by pyrolyzing silane. 

Later that year, this process and Union Carbide's background technology were 
described in a presentation to JPL. As a result, JPL issued a request for 
proposal to study the feasibility of the silane-silicon process for producing 
polycrystalline silicon in accordance with the stringent economic goals of 
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the LSA project. The silane process work was continued under corporate 
funding until Contract 954334 was awarded by JPL in late 1975. 

The work conducted during Phases I and II was documented in a final 
report, dated June 1979. The Phase III effort which covers the period 
April 1979 through December 1981 is the subject of this report. 

SCOPE OF WORK SUMMARY PERFORMED DURING PHASE III 


The planned activity for Phase III was to design, fabricate and operate 
an Experimental Process System Development Unit (EPSDU) to produce semi- 
conductor-grade silicon using the silane-to-silicon process. The facility 
was designed, equipment pressures and installation was started at a site 
in East Chicago adjacent to a Linde Gas Plant. During 1981, it became 
apparent that funding would be severely restricted and the program would 
never be completed without an alternate source of funding. 

The process support R&D was carried out in parallel with the EPSDU design 
and construction activities. The free-space reactor PDU successfully pyro- 
lyzed silane and produced silicon powder and hydrogen. The shorter developed 
by Kayex used this powder, melted it and produced some polycrystalline silicon 
shot; unresolved technical problems remained. An alternate method of silane 
pyrolysis in a fluid bed was also under development. Early test results 
appeared very promising, but the program was stopped in May 1981 due to 
funding recision. 

EPSDU PROGRAM 

As illustrated in Table I, the Phase III program consisted of seven 
primary (WBS level 2) divisions of effort: 

• EPSDU Design and Procurement 

• EPSDU Equipment Fabrication and Delivery 

• EPSDU Installation and Checkout 

• EPSDU Operation 

• Commercial (1000 MT/Yr) Process Economic Analysis 
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• Process R&D to Support EPSDU Design and Commercial Analysis 

• Program Management 

Collectively, these activities encompassed all effort required to attain 
the program objectives. The subdivisions (WBS levels 3, 4, and 5) define 
the individual work items that must be performed. The progress for this 
phase is reported at the work-item level. 


1.1 EPSDU DESIGN/PROCUREMENT 

During Phases I and II of the program which ended in March 1979, 
Union Carbide's Silane-to-Silicon process design was essentially completed. 
Based on this design, the EPSDU engineering effort was initiated under 
Phase III on June 1, 1979. 

The Phase III effort included all engineering, design, and pro- 
curement activities necessary to transform the process design into a 
complete installation-drawing package for EPSDU. The major tasks included 
process design updates, facility design, equipment design and procurement, 
installation design, and cost estimating support. 


PROCESS DESIGN UPDATE 

A process design package was issued on June 1, 1979 and served as a 
starting point for the detailed design of the EPSDU. The design package con- 
tained the heat and mass balance, process description, stream catalog/process 
flow diagram, and functional specifications for process equipment. The process 
design package was updated June 2, 1980 to reflect changes due to input from 
engineering design. 

1.1 ,1,1 Silane Process Design 

A process design package was issued in Phase II of this contract 
and was summarized in the final report for Phases I and II which was issued 
in June 1979- The process design package was reviewed during the Phase III 
of this contract and a final process design package was reviewed during the 
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Phase III of this contract and a final process design package was issued 
in June 1980 which contained refinements which have potential for lowering 
cost, reducing requirements for specialized equipment or alleviating problems 
during operation. The following refinements are reported as follows: 

Silicon Powder Line Size 


The line size required for transporting the silicon powder was 
determined. Silicon powder, produced in the free-space reactor, is ex- 
pected to be transported in dense phase using hydrogen produced by silane de- 
composition. Laboratory tests were examined to determine the conveying 
rates and line sizes required for EPSDU. A solids flow rate of 20 lb/min 
of silicon conveyed in a 1-inch line appeared to be the most workable. The 
conveying-gas requirement would be a 6 cfm of air; the corresponding pres- 
sure loss is 0.3 psi/100 ft in vertical lines and somewhat less in horizontal 
lines. 


M-G Silicon Storing and Conveying 

The handling of M-G silicon from the storage point to the feed 
port in the hydrogenation reactor was changed to simplify material handling 
and eliminate a process control problem. In the previous handling system, 
M-G silicon was gravity-fed from the storage bin to a mechanical blender. 
After the copper catalyst was added manually and the air atmosphere was 
changed to nitrogen, the M-G silicon/copper catalyst mixture was gravity fed 
to a lock hopper. It was then pressurized to 500 psig with hydrogen and 
pneumatically fed to the hydrogenation reactor using recycled pyrolysis 
hydrogen. 


In the original system, control of the pyrolysis hydrogen to 
hydrogenation presented a problem. If the hydrogenation reactor pressure 
make-up demand was low, flow of pyrolysis hydrogen would be too small to 
convey the M-G silicon/copper catalyst mixture. The problem could have been 
solved with a more complex control system; however, this solution is not 
desirable. There was also concern about the possible presence of hydrogen 
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in the enclosed space on the underside of the M-G silicon storage bin, and 
about the availability of small size pneumatic conveyor fittings. 


A pneumatic conveyor system was evaluated for moving the M-G 
silicon feed for the hydrogenation reactor from the storage bin to the lock 
hopper to ascertain if the required size was commercially available. Com- 
mercial dense-phase pneumatic conveying systems are larger than those re- 
quired for EPSDU and would not be cost-effective. Flexible-screw conveyor 
systems are available which are ideal for this application. This type of 
conveyor has a bearing housing at the motor-end only; therefore, the con- 
veying spiral, made of spring steel in a non-rigid plastic tube, can be cut 
to size. The manufacturer has demonstrated the capability to transport 
similar materials successfully at any angle. 

The conveying system was revised by substituting a fluidized 
blending tank for the mechanical blender, by substituting a tubular conveyor 
for the pneumatic transfer line, and by rearranging the vessels to allow the 
M-G silicon/copper catalyst mixture to be gravity-fed to the side of the 
hydrogenation reactor. The pyrolysis hydrogen, previously used for silicon 
conveying, was re-routed to the superheated hydrogen feed to the hydrogena- 
tion reactor. These revisions solved the process control problem. 

Hydrogenation Reactor 

The hydrogenation reactor design had been considered overly con- 
servative from a size standpoint; however, there had been no supporting 
data to justify reducing the size. Relevant data became available from the 
results of JPL-sponsored work at MIT. The reactor size was reduced to a 
30-inch I.D. based on this data. This resizing reduced the reactor cost. 

The size reduction also permitted acquiring reactor operating data that is 
more accurate because the kinetics will be spread over more of the reactor 
length instead of being concentrated at the bottom. Thus, the reaction 
rate can be calculated more accurately. 

Other changes were made to simplify fabrication and preclude 
potential maintenance problems. The previous reactor configuration had a 
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distribution cone at the bottom and the inlets for the gas and solids passed 
through the cone. The initial cost of this assembly was appreciable and the 
flanging and mechanical provisions necessary for removing the cone for in- 
spection or replacement added other significant costs. The feed parts for 
the gas and solids were changed. The solid inlet was moved to the lower side- 
wall, and a thermally-j acketed "ram" valve was incorporated as a start-stop 
flow control with the ability to clear plugs. The gas inlet was changed to 
two 6-inch flanged assemblies. Each assembly contains a 2-inch STC and a 
2-inch H2 gas distributor fabricated from perforated pipe. This arrangement 
keeps the superheated hydrogen separate from the superheated STC to preclude 
premature reactions that could form extremely corrosive mixtures. These 
changes mechanically simplify the reactor and provide for easier maintenance 
and more flexibility for injecting gas into the fluid bed. The flanges also 
serve as inspection ports for checking the integrity of the reactor shell. 

Silane Column 


The initial silane column was a 12-inch diameter trayed design 
with a gravity-returned reflux from a condenser that was located at the same 
height as the top of the DCS column (70 to 75 feet). The flow was so small 
that the trays would have had to be welded to the shell to prevent significant 
bypassing due to manufacturing tolerances. Furthermore, the column would 
have been built in 15 to 20 sections and welded together. Because of the 

large amount of welding and the difficulty in cleaning after manufacture, the 
potential for contamination was substantial. To preclude this problem, the 
design was changed to a packed column employing protruded metal packing and 
conventional internals. This design minimizes welding, allows for thorough 
cleaning after fabrication, and permits disassembly of the column in the 
field if recleaning is necessary. Because the packed column is simpler and 
is substantially smaller, there is a concomitant reduction in structural 
support which results in cost savings. 

Dryout System 


The EPSDU equipment and piping that will contain chlorosilanes 
must be dried because moisture reacts with chlorosilanes to produce HC1 and 
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silica gel. The original concept for removing moisture prior to start-up 
was to run the therminol -driven heaters and the gas superheater on recircu- 
lated nitrogen to evaporate moisture prior to introducing chlorosilanes . 

After the physical size and spatial relationships of equipment were determined, 
the original drying procedure appeared to be less viable. 

Since start-up time is very valuable, a centrally located heater 
will be used so that drying can be accomplished in one week or less. The 
cost incurred by adding this unit will be returned in operating time saved. 

The heater is an electrically driven, 200,000 Btu/Hr, unit supplying 730 SCFM 
of 250-300°F nitrogen. The heater will be mounted at the base of the gantry 
with a 3-inch header going up to the first platform. Four take-off valves 
at grade level, two at the first platform, and four at the top level will be 
provided. Also, one of the pipes from the gantry to the STC or TCS tanks will 
be insulated and two vent valves added near the waste treatment area. 

Hoses, valves, and fittings are required to make jumpers for dry- 
out. A portable high-pressure nitrogen cylinder with the necessary fittings 
will be used to purge through the relief valves; Fifteen new vent valves, two 
block valves, and different sizes for a few existing vents have been identified 
on the P§I diagram. Since dryout will be performed after the final leak test, 
valves have been added so that flanges will not have to be cracked. Also, 
drain valves will be installed at low spots in the piping and equipment. 

Waste Treatment System 


The initial waste treatment system employed a series of four burners 
to hydrolyze/oxidize chlorosilanes and silane. The reaction products were drawn 
into a system of filters and scrubbers by a common vacuum source. The system 
recovered silica and hydrogen chloride separately as marketable products and 
produced a minimum of waste sludges. This system is still considered the best 
design for a commercial system but it is too expensive to use in a facility 
with a 2-year life. In keeping with the experimental nature of EPSDU, a signif- 
icant cost saving can be realized if the hydrogen chloride is not recovered. 
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The waste treatment process was changed so that the muriatic acid 
byproduct is now neutralized with caustic soda and disposed of in the sewer 
as a dilute solution, instead of being concentrated to a nominal 20% acid. 
Other changes include using a smaller waste gas burner, using a silane re- 
cycle instead of disposal, reducing the size of the gas cleaning equipment, 
removing the second silica bag filter (since clear muriatic is not required) , 
and using once-through acid scrubbers since the acid level does not need to 
be concentrated. The modified system is significantly lower in cost and is 
simpler to operate because it contains less equipment. Acid neutralization 
is an added cost but, by combining this neutralization with that required 
for other facility wastewater, the impact is minimal. An estimated 30 to 
50 gpm of wastewater will come from the acid gas scrubber and up to 50 gpm 
could be generated from curbed and other areas where process spills, if they 
occur, will be isolated. The neutralizing tank will be designed to process 
up to 100 gpm of wastewater. The effluent will have a pH of 6 to 9 and will 
flow to the municipal sewer. 

Spill Collection 

The initial spill collection system used a network of concrete 
troughs with open grating. This presented two problems. A potentially 
flammable, fuming chlorosilane spill would not be kept localized but could 
Stretch 50 - 75 feet along the trough. The unburied troughs would freeze 
in the winter unless a significant quantity of water was used for sluicing. 
Both problems were solved by using a spill collection plan employing localized 
curbing of potential spill areas and a means of reacting the spill at a con- 
trolled rate. This has been accomplished by replacing some deluge water 
with high-expansion foam and by using sloped pads with an outlet valve near 
a drain hub. In this way a layer of foam can be spread over the spill to 
prevent fire and acid fumes, and a firehose can be used at the drain hub for 
sluicing/reacting the chlorosilane liquids drained from the curbed pad through 
the outlet valves. This spill disposal technique allows the resulting reac- 
tion to proceed at a rate such that the water can absorb the reaction acidity 
‘and also effectively sluice the solids to a conventional PVC sewer line. 

This sewer line runs underground, below frost level, to the central neutrali- 
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zation point where the acid water can be neutralized to an acceptable level. 
Because the hydrolysis of the chlorosilane spill is controlled, the solids 
formed are of a manageable size and should not plug the sewer. 

Instrumentation 


Only those indicating controllers at the main panel that are 
necessary to understand the total plant operation will be located at the main 
control panel; all others will be installed locally. 

Electrical Power Supply 

The source of primary electrical power was changed from Linde 
Specialty Gases to Northern Indiana Public Service Co. (NIPSCO) . If Linde 
Specialty Gases supplies the primary electrical power, EPSDU must provide the 
power cables and other power feed equipment to the EPSDU site. If NIPSCO 
supplies the power, they will install the required feed equipment at no cost 
to EPSDU. The sole motivation for making this change was the cost savings. 

Powder Processing 

Initially, about 1/4 to 1/3 of the silicon powder produced was 
to be melted and consolidated; however the design allows all powder to be 
melted. Although the final process has not been defined, it will probably 
employ a single pyrolysis reactor and up to three melters. The number of 
melters will be determined from the results of the melting/consolidation R§D. 

Stripper Condenser Receiver 


The stripper condenser receiver was eliminated by providing addi- 
tional gravity head on the stripper condenser and changing the control method 
from a feed-forward and boil-up based on feed rate to a feed-back and boil-up 
based on the reflux rate. 
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Silane Storage Tanks 


Silane tank pressure control was simplified by eliminating the 
individual pressure building coils which directly vaporize silane against 
the atmosphere, and replacing them with refrigerant-brine temperature modula- 
tion. The tank design was further modified by making all connections through 
the top head. These changes reduced potential leaks and potential silane 
contamination, and improve safety by facilitating improved tank fireproofing. 

Chlorosilane Pumps 

The chlorosilane pumps were changed to share spares and use cen- 
trifugal pumps when possible. This will permit obtaining experience in the 
type of pump that must be used in a commercial plant. The diaphragm pumps 
originally specified for EPSDU are not practical or cost-effective for a 
commercial plant. 

Other Minor Changes 


The non-combustible gas vent filter was eliminated by combining 
its duty with the MG Silicon unloading filter. This reduces the cost and 
simplifies the operation. 

The silane superheater was eliminated because pyrolysis R&D has 
not demonstrated an advantage for preheating silane before injection into the 
pyrolysis reactor. 

The silicon flaker was eliminated. The bin, which previously 
received the silicon powder to be flaked, has been retained for sample 
collection and direct removal of excess powder without densification. 
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1 . 1 . 1.2 


Engineering Design Support 


Chlorosilane Spills 

In support of plant layout activities, a methodology for spill 
and fire control was developed in conjunction with environmental and safety 
consultants. The major concern was to provide proper drainage, water deluge, 
and fume control for chlorosilane spills. Data supplied by Southwest Research 
Institute, under an industry-wide contract, and consultation with the fire 
safety engineer at the UCC Sistersville plant indicated that hydrochloric- 
acid fumes and fire are both major hazards associated with chlorosilane spills. 

Virtually all EPSDU process streams are flammable due to the 
presence of hydrochlorosilanes . The most effective fume-control agent appears 
to be a high-expansion water-based foam which suppresses fire and cools ad- 
jacent equipment. Hydrochlorosilane fires cannot always be extinguished; they 
must usually be allowed to bum out. Based on this, the chlorosilane tankage 
and process areas will be diked or curbed to contain spills. A portable high- 
expansion foam generator will be provided to blanket large spills using water 
from strategically located hydrants. Small spills will be flushed with water only. 

Sluice valves in the contaminant areas can be regulated to allow 
a controlled discharge of diked liquid to the process sewer. Copious quanti- 
ties of water will be added to the sewerage to hydrolyze the liquids and move 
the resulting solids. The wastewater will then drain to the central collector 
where it will be neutralized with caustic soda to adjust pH to permissible 
levels (6-9) . As a back-up fire-control measure, a water-spray deluge system 
will be used to protect the support steel in the process area. Chlorosilane 
storage tanks will not have an in-place deluge system, but will be insulated 
to protect them from external heat. However, hydrant-supplied water will be 
available if it is needed. 
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Painting 


Specifications were prepared for primer painting and process equip- 
ment cleaning. These specification packages included recommendations by UCC 
experts at Sistersville. The painting specifications are important because 
the specified primers will reduce the possibility of stress-crack corrosion 
in stainless equipment, and external corrosion of steel equipment resulting 
from chlorosilane leakage. Proper process equipment cleaning specifications 
should enable a rapid, less troublesome startup. 

Waste Burner 


The waste burner and the silica agglomerator required special 
process design attention because of their customized design. The EPSDU 
waste burners were assembled from components purchased from a burner com- 
ponent manufacturer because the waste disposal system requirements cannot 
be met with available pre-engineered systems. A manufacturer was contacted 
to establish component availability and process requirements. The preliminary 
equipment flow schematic shown on Figures 1.1 and 1.2 were developed for 
preparing the specifications. There are four burners including one spare. 
Figure 1.1 shows the schematic of a waste gas burner and Figure 1.2 shows 
that for the waste liquid burner. 


Each burner has an independent natural gas/combustion air piping 
and pilot system, but the combustion air supply and flame supervision system 
is shared. Switching of flows from the operating waste-gas burner to the 
spare burner will be accomplished by a manual switch on the flame-supervision 
control panel. 

Gantry Scale Mode 1 


Process engineers assisted in building the gantry scale model 
which proved invaluable for identifying and resolving problems. Its use per- 
mitted solving problems "in plastic" instead of "in steel" and its cost will 
be more than offset by the cost savings of field delays that have been pre- 
vented . 
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Equipment Layout 


Process design personnel assisted in the mechanical layout design 
to assure that equipment location, equipment supports, and piping layout are 
consistent with safety requirements and operability. Even simple things such 
as the proper location of the STC pump isolation valve require knowledge of 
the process chemicals, equipment, control method, and operational mode. Con- 
sequently, all layout details were scrutinized carefully. 


Equipment cleaning requirements were reviewed. The components 
which could not be cleaned by vendors were cleaned in accordance with Union 
Carbide's electronic specifications. Instruments and other sensitive items 
were also cleaned at Tonawanda, but other items such as pipes will be cleaned 
on-site. 


Relay Logic 


The relay logic was basically related to process area: hydrogen- 

ation, distillation/redistribution, pyrolysis/consolidation, and waste treat- 
ment. The first two areas had the most complex relay logic. Automatic 
shutdowns and relay interlocks were used whenever rapid, programmable action 
was necessary to avoid injury to personnel, significant equipment damage, or 
severe process upset. 


Insulation 

A potential problem concerning insulation of the high temperature 
lines from the superheater to the hydrogenation reactor was reviewed and re- 
solved by specifying a preformed insulation with a lower thermal conductivity 
and greater thickness than shown on the original drawings. If the temperature 
drop is found excessive during checkout and startup, more insulation will be 
added to the flanges and valves. 

Mechanical Engineering/Installation Design 

The drawings were reviewed for compatibility with the P§I dia- 
gram. The review was conducted line-by-line according to the P§I diagrams 
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and recommended changes were incorporated in the P§I diagrams, installation 
design drawings and the scale model. A construction bid package incorporating 
these changes was released. Any further necessary changes will be resolved 
as field changes during construction. 

Safety 


Time was spent thoroughly reviewing the engineering design from 
operability and safety points of view. The design was examined for adequate 
provisions for startup, emergency shutdown, and draining of process fluids. 
Major and minor problems were identified so that costly field changes will 
be avoided. 

Gas Analysis 


A set of data for vapor-liquid equilibrium on a 1 % diborane in 
silane system was received. It was analyzed to insure that the silane column 
reflux controls will have the correct range. This analysis was performed by 
re-running the distillation simulation program with the activity coefficients 
that resulted from the data. The number of trays will be constant and the 
product purity can be compared to the reflux. 

1.1.1 .3 Burner Tests 

An analytical and experimental program was conducted to provide 
design data for an economically and technically viable waste treatment system 
for EPSDU. All components of the system were commercial items except for 
the burners. Tests were conducted to develop burner components that could 
flame hydrolyze and neutralize chlorosilane liquid and gaseous wastes. A re- 
port was written which describes the testing and results. Excerpts from the 
report are as follows: 

Introduction 


The waste treatment system for EPSDU, as with any new chemical 
processing facility, is extremely important. Provision for an environmentally 
acceptable method of disposing of wastes must be in place and operating before 
the primary processing systems can be started up. Since EPSDU is an experi- 
mental facility, the waste treatment technique has to be effective but does 
not necessarily have to be economically optimum. 


21 


There are two types of chlorosilane wastes associated with the 
EPSDU process — vapors and liquids. Several possibilities for disposing 
of these materials were investigated. These techniques consisted of con- 
tracting for wastes removal, neutralization and disposal off-site and on- 
site treatment. Experiences from chlorosilane disposal at the UCC Keasbey 
silane plant and information and ideas from consultants and waste-disposal 
equipment vendors were used to develop the waste treatment system concept 
for EPSDU. 


The planned scheme was based on using fumed silica burners, gas 
stream particulate removal equipment, and acid-vapor venturi scrubber equip- 
ment to convert all wastes to low value byproduct materials. The basic 
system uses thermal oxidation to process waste materials that range from 
silicon tetrachloride (heavily contaminated with metal chlorides) to 
silane and hydrogen gas. This system is based on the successful thermal 
oxidation system used at Keasbey for waste disposal, on commercial silicon 
tetrachloride burners used for producing commercial silica filter material, 
and on commercially practiced bag filter and particulate removal equipment. 
The burner system is used to convert metals to their oxides, hydrogen to 
steam, and chlorine atoms to HC1 vapor. The byproducts are muriatic acid and 
dry silica powder. The acid has potential use in the metallurgical industry 
for pickling and the silica powder in the rubber of roofing industries for 
filler. 


All components of the waste treatment system are available as com- 
mercially proven equipment except for the burners which must be developed from 
available combustion components. Because of the wide range of properties of 
EPSDU wastes, it appeared that separate burners would be required for each 
of the following: 

• Liquid waste 

• Chlorosilane vapors and nitrogen contaminated with 
chlorosilane vapors 

• Hydrogen-rich and silane-rich wastes 
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The liquid wastes consist primarily of mixtures of silicon tetra- 
chloride and trichlorosilane heavily contaminated with metal chlorides in 
both dissolved and sludge forms. The wastes must be oxidized in a liquid 
burner equipped with an atomizing spray nozzle. For the oxidation process, 
the burner must be provided with enough hydrogen atoms to completely 
react the chlorine in the silicon tetrachloride to HCL vapor. The hydrogen 
can be provided by methane (natural gas) feed. Excess hydrogen must be 
provided to permit the complete conversion of the chlorine to HCL vapor to 
prevent residual chlorosilane in the combusted gas stream from leaving 
the burner. A critical control parameter is proper flame temperature 
which is controlled by the amount of excess air that is admitted with the 
fuel to the burner. The anticipated optimum flame temperature was expected 
to be between 1600° to 2000°F. The temperature must be high enough for com- 
plete combustion of the chlorosilane material. The kinetics of thermal oxi- 
dation was strongly favored by higher temperatures; however, high temperature 
operation results in the production of extremely fine silica particulates 
which are difficult to remove in the downstream particulate removal equipment. 
Thus, the burner should be operated at a temperature as low as possible to 
yield larger silica particles that are easier to remove, handle, and market. 

The relevant design data for the waste liquid burner include: 

• Waste feedrate range (expected to be 1.5 - 2 times). 

• Atomizing air rate vs waste liquid feedrate to obtain optimum 
flame geometry and stability. 

• Optimum fuel vs silicon tetrachloride waste liquid feedrate 
ratio required to assure complete oxidation of the waste as 
determined by the analysis of the downstream flue gas stream. 

• Best flame temperature operating point (high enough to assure 
complete oxidation of the bed, yet as low as possible to re- 
sult in the best particulate silicon morphology) . 

A nozzle mix burner is also planned for oxidizing the hydrogen-rich 
and silane-rich waste streams. Design information for this burner is similar 
to that of the chlorosilane-rich gas burner, except that hydrogen is not re- 
quired to balance the chlorine. 
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The overall waste treatment scheme planned for EPSDU is shown in 
Figure 1.3. (The burner-related components and streams are identified by . 
heavy lines) . 

Certain burner performance information is necessary for specifying 
other system components such as the bag filtering system. This requirement 
and the need for having the waste treatment section totally operational before 
EPSDU startup mandated the need for an experimental program. The experiments 
were limited to the burner system and were directed toward providing the min- 
imum data required to permit designing the EPSDU system with confidence. 

Waste-Burner Process Development Unit (PDU), Design Basis 

The PDU design was based on using readily available components 
and temporary installations to generate design data for the burners. The 
apparatus capability was limited and could only accommodate testing of the 
burner and evaluation of the reaction stoichiometry. 

Direct design group experience in designing for and working with 
chlorosilane waste neutralization and disposal was limited; however, relevant 
information was gained from a consultant equipment vendor, and operating 
personnel at Keasbey and Sistersville . 

Keasbey has a waste burner for silane and trichlorosilane vapor. 

It is crude and oversized; however, by using large amounts of natural gas, it 
operates effectively if not economically. The energy wasted by this system 
would prohibit its use in a commercial silane-silicon facility. 

Sistersville, which produces most of UCC's chlorosilane chemicals, 
neutralizes the liquid wastes by injecting them into water. In this batch 
process, chlorosilane "sludge" (liquid) is injected every few hours at a 
flow of 50 gallons in a 2-minute period. This technique is expensive, diffi- 
cult to operate, and very unreliable; howeyer, a similar system, using a slow 
continuous feed, might be used as a temporary backup for the EPSDU liquid 
burner. 
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FIGURE 1.3 EPSDU Waste Treatment System 






The EPSDU waste treatment system will be on-line at all times and 

must operate reliably. The waste vapor burners will operate continuously but 

the waste liquid burner can be operated periodically. The waste chlorosilane 
vapors must be reacted continuously because storage would be impractical. The 
waste-gas burner has to be able to process reasonable flows from the plant 
including emergency situations. The waste T gas burner should also be able to 
operate from idle to full capacity on demand to prevent silica dust and hydrogen 
chloride from being released into the atmosphere. The waste-liquid flows from 
the plan can be more controlled. The liquids can be accumulated in the surge 

tank so that the burner can be operated for 12 hours and then be taken off- 

line for 12 hours for cleaning and for repair. These operational modes were 
a prime consideration for the experimental program. 

A commercial air atomizing nozzle was installed. However, it 
plugged immediately. _ 

Next the sludge was allowed to settle over a weekend without 
agitation so that runs could be made without solids in the feed. The runs 
lasted 36 and 34 minutes. It appeared at this point that the problem of re- 
acting (burning) Sistersville TCS sludge was not caused by the solids. 

The last test run was made using STC/20% TCS mix with no solids. 

The burner performed the same as it did with pure STC. The flame was totally 
within the flame holder and the run, which lasted 1 hour and 8 minutes, pro- 
duced dust about 1% Cl . 

Analysis of Test Results 

Figure 1.4 shows the variation in Cl content of the dust (chrono- 
logically) produced during the entire testing period. Note that the STC/TCS 
mix produced dust of the same quality (about 1% Cl”) as the STC liquid when 
the burner operated for 7% hours. The atomizer nozzle used for the mix was 
not exactly the same as the one used on STC liquid — the outlet hole was 
smaller. When the atomizer is made for the EPSDU liquid burner, it should 
be checked and tested carefully since only small differences in dimensions 
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FIGURE 1. 


Data Points In Sequence 


Quality of Dust Collected During the Waste. Burner Test 




can significantly impact successful operation. The burner test set-up was 
photographed and is presented in Figures 1.5 and 1.6. 

Table II shows the amount of polysilicons (S^Clg, SijClg, S^Cl^g) 
in the Sistersville sludge. It appears that they were causing the problems 
with the burner. The same type of problems should not occur in the EPSDU. 


TABLE II 

COMPARISON OF SLUDGE COMPOSITIONS 


Sistersville 

Sludge 

Expected EPSDU Sludge 

STC 

8.7% 

81% 

TCS 

30.9% 

16% 

Solids 

10-15% 

3% 

S^Clg 

20.5% 


SigClg 

27.0% 


Si 4 cl i 0 

10.5% 


Heavies 

2.3% 



Solids content is an estimate; all other numbers are on a solids 
free basis. 

The build-up in the exhaust piping during the testing was soft 
and friable for the most part. There was a thin harder layer at the pipe wall. 
The soft build-up was actually pigged (cleaned) by pulling a piece of paper 
through the pipe with a string. The harder layer could be easily scraped off 
with a piece of metal. 

At EPSDU, a pig made of spring steel (shown in the sketch) could 
be turned and pushed forward with a plumber's snake to clean the piping. 


PLUMBER'S 

SNAKE 



SPRING 

STEEL 
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FIGURE 1.5 Waste Burner Test Apparatus 
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FIGURE 1.6 Waste Burner Assembly 
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The exhaust piping should be built using long radius welded elbows and the 
fittings necessary to allow pigging while the system is operating. The ex- 
haust piping should contain sufficient flanges to allow access for cleaning; 
screwed fittings should be kept to a minimum. 

There were about 700 lb of chlorosilane left after the last test 
run. This was neutralized by injecting it under water and adding lime to 
neutralize the HC1 produced. An injection rate of 50 to 150 lb/hr worked 
quite well; the injection tube did not plug very often and only a small 
amount of HC1 escaped from the neutralizing tank. The 1/3 hp agitator kept 
the tank well stirred so only a minimal amount of hand stirring was needed. 
This scheme would make a reliable back-up system for the liquid burner at 
EPSDU for short-term emergency use. Injecting the liquid chlorosilane into 
water is a method that should be considered when neutralization is required. 

If the process is conducted at a slow continuous rate, it will be adequate 
to process the average rate of 36 lb/hr projected for EPSDU. 

A number of the valves were disassembled after the test. The ex- 
teriors of the valves were corroded but the interiors were in good shape ex- 
cept for some hydrolyzed silica that formed after they were disassembled. 

Most of the elastometers. Buna N, and the tygon tubing had hardened. One 
piece of Viton tubing was still in excellent shape after only 3 hours of 
chlorosilane service. During the early part of the test, many problems arose 
because of the hydrolyzate in the valves and piping. As purging and operating 
procedures improved, the problems disappeared. Inspection of one check valve 
showed enough hydrolyzate to make it inoperative. This shows that thorough 
purging is required prior to introducing chlorosilanes and before disassembly. 

A material inspection was performed on the flame holder, flame 
receiver, and a piece of the cooling pipe. The inspection showed that 304SS 
is acceptable for the flame holder and flame receiver. Carbon steel wi 1 1 work 
for the cooling pipe and fittings but cast iron is inadequate. The piping 
system must be heated prior to putting chlorosilanes into the burner. 
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Conclusions 


The primary purpose for conducting the burner tests was to develop 
information necessary for designing a reliable waste treatment system for 
EPSDU. Although the test program was hampered by cold weather, schedule 
and equipment problems, it was a practical success in that information neces- 
sary for designing and operating the burner system with confidence was gener- 
ated. The system concept should work effectively, but additional development 
may be required after installation at EPSDU to provide the refinements neces- 
sary to ensure reliable operation. 

Regarding overall burner system operation, the natural gas to 
waste chlorosilane ratio had little effect over the range tested and the amount 
of excess air and flame temperature did not have any gross effects. At higher 
excess air rates and lower temperatures, the dust particles were larger but 
contained more chlorine (not completely reacted) . 

The waste gas burners should not pose any significant problems. 
During the tests, the chlorosilane/nitrogen mixtures were flame hydrolyzed at 
low rates with high hydrogen-to-chlorine ratios with satisfactory results. 

The burner for EPSDU should be sized to allow higher hydrogen-to-chlorine 
ratios if they become necessary. 

The liquid burner at EPSDU may cause some problems, but the system 
should perform adequately. The main problem is attaining the proper atomiza- 
tion necessary to provide the mist of fine droplets with the low forward 
velocity required for the reaction. Although a workable nozzle configuration 
was identified during the test program, it could not be considered a final 
design because representative EPSDU-type sludge was not available for testing. 

Handling chlorosilanes was more difficult than expected. Knowledg- 
able control of the liquid is required for safe, dependable operation. Proper 
equipment location and installation will assure suitable operation and elim- 
inate hazardous situations. All equipment and piping that comes in contact 
with chlorosilanes must be thoroughly purged. Valving should be provided to 
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permit purging of each piece of equipment that may require maintenance during 
plant operation or after shutdown. 

Solids were deposited in the piping during all testing; however, 
the deposits were light and easily scraped off. Design of some internal 
solids-removal device will be required. The elbow at the ejector inlet had 
a different type of build-up than the rest of the exhaust piping. It con- 
sisted of a heavy wet mass caused by water back spray from the ejector reacting 
with chlorine left in the dust. Wet scrubbers used for gas cleaning should 
have a well-defined water inlet to prevent back spray. At EPSDU, a redesign 
of the present configuration could result in a system that prevented accumula- 
tion areas. If these areas cannot be eliminated entirely, the redesign should 
provide for a cleaning capability during operation. 

Experience from these tests should be used in the selection of 
compatible instrumentation. All-metal rotameters did not provide the pre- 
scribed accuracy but glass tube rotameters responded satisfactorily. The UV 
detector flame eye worked on the dusty flame only if it was cleaned every two 
days or if a small air purge was applied. Measurement of the flame tempera- 
ture with thermocouples provided readings lower than expected. 

In the event of an unexpected shutdown of the EPSDU Waste Treat- 
ment Area, a standby system should be available. This system should be cap- 
able of storing at least 10 days EPSDU waste accumulation. In addition, 
equipment required to inject the liquid into water (neutralize chlorosilanes) , 
should be purchased and stored at EPSDU. The system of piping, valving, and 
local instrumentation could be built around temporary storage in appropriate 
types of 55-gallon drums. After the testing, the leftover chlorosilanes could 
be disposed of by injecting them under water, adding lime to neutralize the 
acid, and flushing them down the drain. This process is similar to the process 
used at Sistersville except a slow controlled rate of 50 to 150 lb/hr was 
used. With a properly installed reactor vessel and sufficient agitation, 
wastewater could be flushed to the sewer. 

The waste treatment area should be started up at least two months 
before EPSDU startup. This will enable plant personnel to become familiar 
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with the system and prevent operational problems that could impact the overall 
program schedule. 

1.1 .1.4 Pyrolysis/Consolidation Process Design 

Process Design Package 


The process design package for the pyrolysis/consolidation section 
was completed and issued in June, 1981. This design package was used as the 
basis for developing the P$I diagrams and design in Task 1.1.6 (Pyrolysis/ 
Melting System Design) . The text is divided into ten sections viz: 


1 . 

Process Description 


2. 

Process Flow Diagram 


3. 

Heat and Mass Balance 


4. 

Equipment List and Functional 

Specifications 

5. 

Preliminary Layout 


6. 

Utility Requirements 


7. 

Special Requirements 


8. 

Safety Considerations and Information 

9. 

Shotting Tower Drawings 


10. 

Free-Space Reactor Fabrication 

Design 


Process Flow Diagram, Heat and Mass Balance 

A process flow diagram was developed to show the interconnections 
between equipment items. A heat and mass balance analysis was made for the 
process and a stream catalog developed defining temperature, pressure, flow 
rate, molecular weight and composition of each fluid. 

Process Description 

Silane is withdrawn from the top of the Silane Storage Tanks, the 
contents of which have been analyzed to confirm adequate purity. The pres- 
sure and flow controlled silane is injected into the Free-Space Reactor 
through a water-cooled stainless steel nozzle. The walls of the reactor are 
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heated to 900°C by the Free-Space Reactor Pyrolysis Furnace. This is an 
electrical resistance multi-zone furnace which is connected to plant power 
through a transformer. Energy is transferred convectively from the reactor 
walls to the entering silane jet via recirculating product hydrogen and 
silicon. Above 400°C the silane rapidly decomposes according to the overall 
reaction : 


SiH 4 (g) -> Si (s) + 2H 2 (g) 

The reaction is essentially complete before the silane reaches 
the walls of the reactor, thus precluding any hard deposit formation. The 
product silicon is in the form of a very fine (0.4 ym) powder which is 
periodically stripped from the reactor wall by a mechanical scraper. The 
silicon is separated from its hydrogen carrier by porous metal filters 
located in the lower chamber of the reactor. The pyrolysis hydrogen exits 
the hopper, is cooled to 100°F in two steps against cooling water (Pyrolysis 
Hydrogen Precooler, and Pyrolysis Hydrogen Cooler), and enters the first 
stage of the Pyrolysis Hydrogen Recycle Compressor. A portion of the hy- 
drogen is recycled from the first stage to the Free-Space Reactor and to the 
shotter assembly. The remainder enters the second stage of the compressor 
and serves as make-up hydrogen to the hydrogenation reactor. 

The silicon powder in the lower reactor is cooled by recycle 
hydrogen and the cooled powder periodically is dense-phase-conveyed to the 
Shotter Feed Hopper. Compressed hydrogen stored in the Hydrogen Accumulator 
maintains hopper pressure during conveying. Following atmosphere exchange 
with argon, the powder is fed to the shotter via a variable speed screw 
auger. The powder is then melted and forced through a (nominal) 1 mm orifice 
to form (nominal) 2 mm shot. The shot solidifies in the shotter drop tube 
and is cooled to close to ambient by recirculating hydrogen in the Shot Re- 
ceiver. The hydrogen used is cooled against cooling water in the Shot Re- 
ceiver Hydrogen Recycle Cooler, filtered, boosted in pressure by the Shot 
Receiver Hydrogen Recycle Blower and reintroduced into the Receiver. Cooled 
shot is removed via the Shot Lockhopper and drummed. The collected shot is 
weighed on the Shot Scale and sent to storage. 
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Powder produced in excess of the shotter's capability is conveyed 
to the Excess Powder Hopper. Following atmosphere exchange with nitrogen, 
the powder is conveyed into drums, weighed on a scale and sent to storage. 


Equipment 

An equipment list was prepared along with functional specifications 
for each of 27 equipment items. A preliminary layout of the Pyrolysis/Consol- 
idation building was developed which shows the location of equipment, items 
related to Q.C., utilities and non-process related features. 

Silicon Powder Properties 

An analysis of the flow properties of the free-space reactor sil- 
icon powder was made to determine design parameters for a transport system. 

1.1.2 FACILITY DESIGN 

Facility design consisted primarily of the effort required to 
translate the process design functional requirements into specific plans re- 
garding site, physical arrangement, human factors, and safety and environ- 
mental considerations. Personnel who will operate the facility participated 
to provide human factor inputs and to become familiar with the process. 

1.1. 2. 1 Layout, Site Evaluation 

This effort included the preparation of layout, plot-plan, and 
evaluation drawings to establish the spatial relationship of equipment and 
structures and provided the design basis for detail piping, structural steel, 
foundations, and electrical systems. Site evaluation included definition of 
battery limits and utility connections, topographical surveys, and soil 
testing. Figure 1.7 shows an artist rendering of the overall facillity. 
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The following drawings were prepared for use in the Installation 
design effort: 


SKD-127181 

Site Plan 

SKD- 127256 

Gantry 

SKF-127259 

Layout 

SKD-131839 

Roadway 

SKF- 131852 

Melter Building 

SKF- 131853 

Cooling Tower 

SKF-131855 

STC and DCS Storage Tanks 

SKF-131857 

M-G Silicon System 

SKF-131858 

Silane Shift Tanks 

SKD-131873 

Proposed Routing § Tie-Ins of 
Underground Utilities Outside Site 

SKD-131882 

Underground Utilities Routing - 
Area A and Area B 


The utilities shown in the last two listed drawings include 
12.5 KV power and a 3-inch gas line from NIPSCO, a 2-inch nitrogen line and 
a 4-inch pressurized sewer line from the Linde Specialty Gases facility, and 
a 6-inch fire water/potable water header connected to the recently-installed 
Specialty Gases supply loop. 

Drawing SKD-131891, Layout of Switchgear Building, also released, 
included the following equipment: 

Main instrument panel 
Scanivalve panel 
Emergency generator panel 
Motor control center #1 
Motor control center #2 
2500A bus duct 
12.5 KV/480 V transformer 
Primary disconnect switch 
325 KW emergency generator 
Emergency generator fuel tank 
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FIGURE 1.7 Artist's Sketch of EPSDU Facility 



100 psig/250 cfh instrument air compressor 
100 psig/250 cfh instrument air dryer 

Within the EPSDU site, the power, natural gas, nitrogen, sewer 
and water lines are routed to their specific use points. For example, 
underground fire-water lines supply four fire hydrants around the perimeter 
of the facility and seven personnel safety showers. Two local natural gas 
supply lines off the main line will serve the therminol furnace and the 
superheater furnace. Drain/sewer lines tie the various chlorosilane liquid 
use points (storage tanks, pumps, gantry, Q.C. trailer) to a common neutra- 
lizer — emergency spill basin. Sanitary wastes from personnel trailers 
are collected in a septic basin prior to transfer into the existing plant 
system. 


A major concern in EPSDU design was the control of hydrochloric 
acid fumes and fires associated with chlorosilane spills. Virtually all 
streams are flammable due to the presence of hydrochlorosilanes . A spill 
and fire control methodology was developed using data supplied by Southwest 
Research Institute under an industry-wide contract, and consultation with 
the fire safety engineer at the UCC Sistersville Plant. The major require- 
ment was to provide proper drainage, water deluge, and fume control. The 
most effective fume control agent is a high-expansion water-based foam which 
also suppresses fire and cools adjacent equipment. Hydrochlorosilane fires 
cannot be extinguished but will bum until the fuel is consumed. 

Spill and Fire Control Methodology 

Based on the selected methodology, a layout was developed for 
the chlorosilane tankage and process areas. These areas were curbed to con- 
tain not less than 1.3 times the volume of the largest tank in the area. 

A portable high-expansion foam generator is used to blanket large spills 
using water from strategically-located fire hydrants. Small spills will be 
flushed with water only. Sluice valves were provided in the containment 
area to allow a controlled flow of curbed liquid to discharge to the process 
sewer. Copious quantities of water will be added to hydrolyze the discharge 
and move the solids. The resulting wastewater will be neutralized with 
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caustic in an automated pH control system and discharged into the local sewer. 
To reduce the hazard of delayed hydrogen evolution, short open trenches were 
provided in the process area and untrapped, vented pipe connected the tank 
storage area to the catch basin. 

A water-spray deluge system was used to protect the gantry steel 

in the process area. This system can flood the ground level with water at 

2 2 
the rate of 0.2 gpm/ft and the upper levels with 0.5 gpm/ft . Chlorosilane 

tanks do not have an in-place deluge system but were insulated to reduce heat 

input due to fire. Any point in the process area can be covered by at least 

two fire hoses from different hydrants. 

Layout Description 

The EPSDU facility is located at the Linde Specialty Gases/Gas 
Products site at East Chicago, Indiana. Figure 1.8 (Dwg. SKF-127259E) shows 
the working area of the site. The total site is approximately 485 feet long 
by 225 feet wide. The working area is encircled by an oval-shaped perimeter 
road with a counter-clockwise traffic pattern. Entrance and exit is at the 
southwest comer. An emergency gate, located at the southwest corner, is up- 
wind of the process area during the prevailing southwest winds. A truck un- 
loading pad is located on the perimeter road at the west end of the facility 
near the caustic, chlorosilane, and fuel oil storage tanks. Parking, visitors 
trailer, and the construction trailer are on the east end of the site. Opera- 
ting, Maintenance, Engineering, and Locker Room trailers are on the north 
side of the site near the parking and perimeter road. The major portion of 
the process area is on the south side of the site including.; the process 
gantry, pyrolysis/melting/consolidation building, and the waste burner area. 

Additional safety features incorporated in the layout and equip- 
ment design include: 

• Silane tanks are enclosed in an outer shell and buried 
in a fireproof material such as sand or pearlite. 
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• The chlorosilane storage tanks are fireproofed, curbed, 
and remotely located at least 75 feet from the nearest 
flame. 

• The process gantry, hydrogenation and distillation pump 
skids are a minimum of 25 feet from the nearest personnel 
operating position. 

• Hydrogen storage is located remotely across the perimeter 
road. 

• The hot-oil furnace and waste burners are remote from 
personnel and flammable fluids. 

• Safety showers and eye washes are located on the ground 
level close to the process area and in the process gantry. 

• The pyrolysis/melting/consolidation building, because of 
the presence of hydrogen, is ventilated a minimum of six 
air changes per hour and heated with flameless heaters 
(hot oil) . 

• The QC laboratory trailer has direct access to the 
pyrolysis/melting/consolidation building and is venti- 
lated through hoods. 

• Emergency power is supplied by a motor generator to assure 
maintenance of the refrigeration system. 

• The oil filled transformer is isolated from adjacent 
buildings by two concrete block walls. 

• Because of the presence of flammable gas, certain areas 
have been electrically classified as follows: 

Class 1, Division 2, Group B 
Hydrogenation pump skid 
Process gantry 
Silane shift tanks 
Pressure relief catch tank 
Liquid burner surge tank and agitator 
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Class 1, Division 2, Group D 
Distillation pump skid 
Chlorosilane storage tanks 
Fuel oil storage tank (underground) 

STC recycle vaporizer 

Four perspective sketches (Figures 1.9 through 1.12) of ten key 
EPSDU areas were prepared as visual aids for the Construction Design Engin- 
eering Group. The depicted areas are: M-G silicon hopper, gantry silane 

storage tanks, STC storage tanks, pumps, hydrogen compressors, silane pyro- 
lysis building, Q.C. trailer, other trailers, and the waste treatment system. 

112 2 

' Environmental and Safety 

The environmental effort included the assessment for regulatory 
compliance of all environmental considerations associated with the process, 
preparation of standards, and obtaining appropriate approvals and permits. 

The safety aspects included evaluation of the process and detail design and 
monitoring of installation and operation to ensure that all features necessary 
for public and staff safety are included and proper procedures are used. 

An Environmental Engineering Scope Design analysis was conducted 
which included site factors, applicable regulations and treatment of waste 
streams. The conclusions were as follows: 

• Analysis of site sub-soil samples indicated the presence 
of oil and grease plus minor and non-hazardous concentra- 
tions of polychlorinated biphenyls (PCB's). 

• Air-quality-wise the site is classified as a non-attainment 
area for particulates. The Control Agency (East Chicago 
Department of Air Quality Control) required mass balances 
on each pollution control device in order to evaluate 
permit requirements. 
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FIGURE 1.10 Silane-to-Silicon EPSDU, Facility Sketch #2 
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• The East Chicago Sanitary Sewer District required detailed 
information on trace metal contaminants and priority toxic 
pollutants that are expected to be in the waste water. A 
modification to the existing permit to discharge into the 
POTW was required from the regulatory agency. 

• Treatment of wastewater to neutralize acid will utilize 
established Best Available Economically Achievable for 
similar industrial SIC categories. 

• The facility will generate a small quantity of hazardous 
residues. The hydrolysis of chlorosilanes inadvertently 
released to the air will form irritating HC1 vapors which 
could create environmental and occupational health problems. 

• Incineration of waste chlorosilane gases and liquids, fol- 
lowed by removal of combustion gas solids and acid vapors, 
involves some degree of process performance risk. 

• The physical and chemical properties of chlorosilanes and 
their combustion products required that these substances 
be engineered away from the work-place environment. 

• The reactive nature of hydrochlorosilanes and silane can 
lead to the formation of hydrogen in closed sewer systems 
which can create a hazard if adequate precautions are not 
taken. Silane and chlorosilanes can ignite spontaneously 
when released to the atmosphere. 

Based on the conclusions, the following recommendations were 

developed: 

• Prior to construction, about ten core borings should be 
taken at depths of approximately 3, 6, and 12 feet to 
determine if there is any significant sub-surface soil 
contamination of other environmental problems. 

• The air pollution control devices and treatments are sum- 
marized in Table III with estimated treatment efficiencies 
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and emission rates. The dilute HC1 from the scrubber is 
to be neutralized with caustic soda. 

• All process areas shall be provided with a process sewer 
which discharges into a neutralization tank and, subse- 
quently into the Specialty Gases Plant process sewer. 

• Since liquid chlorosilanes are classified as hazardous 
chemicals, storage tanks containing these substances re- 
quire curbs and/or dikes, in accordance with Section 311, 
Part 112 of the Water Act. These confinements can be 
earth dikes or simple curbs with a capacity of 130% of the 
largest tank within the dike. 

• Sludge and other residues from plant operations are likely 
to be classified as hazardous and therefore should be con- 
tainerized, stored, transported, and disposed of in accor- 
dance with guidelines covered by the Resource Conservation 
and Recovery Act (RCRA) . The rules for RCRA are currently 
being promulgated, and will be available to operating per- 
sonnel for plant startup. 

• The chlorosilanes reactor area and liquid chlorosilane pumps 
shall be sloped to drain pump seal leaks, spills, or other 
chlorosilane losses to an open wastewater trench connected 
to the process sewer system. Open trench systems and the 
subsequent avoid trapping hydrogen formation of explosive 
mixtures . 

• For compliance with OSHA on HC1 and chlorosilane fumes 
(HC1 ceiling TLV of 5 ppm by volume), a flexible-duct ex- 
hauster for process areas is recommended. Pump maintenance, 
chlorosilane spills, and sampling operations are potential 
sources of HC1 fumes. 

• Underground process wastewater sewers can be used to collect 
discharges from the diked caustic soda and chlorosilane 
storage tanks, laboratory, and waste treatment areas. 
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• A pH control system with automated caustic feed to the 
neutralizer is recommended. Appropriate alarms should be 
provided. An effluent flow measuring device with inte- 
grator is also required, as well as an automatic flow- 
proportional sampler. 

• A Spill Prevention, Control, and Countermeasure Plan is 
required for this facility. This will require a limited 
investment for diking and contingency spill containment 
supplies. Dikes are required for the caustic soda and 
chlorosilane storage tanks, and a curb for the therminol 
heater system. 

The various waste streams are identified in Figure 1.13, Emis- 
sions Survey Diagram (Dwg. SKC-127107B) , and the recommended treatments are 
summarized in Table III. Items that merit special comment are as follows: 

• Emission points Al, A3, and A4 are bag-house vents, and 
represent the best available treatment economically achiev- 
able to remove particulates. These filters are commercially 
available. Some maintenance and bag repair/replacement 
expenses should be anticipated. 

• Emission point A5 represents ambient hot air with no treat- 
ment required. This emission could be utilized as a source 
of building heat during the cold months. 

• Emission point A8 is the therminol heater stack. No treat- 
ment is required but the stack should be high enough to 
avoid occupational health hazards to plant operating per- 
sonnel. 

• The waste chlorosilane (both liquid and gas) burners merit 
special comment. Although silicon tetrachloride and tri- 
chlorosilane mixtures are burned commercially to produce 
fume silica as a product, the conditions of combustion re- 
quire careful control to achieve complete combustion and 
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TABLE III EPSDU POLLUTION CONTROL (SHEET 1 OF 5) 


SOURCE 

NO. 

UF.SCRtPTIOH 

UNCONTROl.l J!D 
EMISSIONS OK DISCIIARCES 

RECOMMF.NPEt) 

TREATMENT 

CnNTROU.gn 

EMISSIONS OB DISCHARGE 

7. 

REMOVAI. 

EFFICIENCY 

Al o) 

Cranular S l M con 
storage and feed bln 
( 106)* 

Intermittent, 1-2 times /mo 
several hours each time. 

U . 1- lb/Hr si llcon 
(1.9 Kg/Hr) 

Bag house 

1 1, BOO SCFII olr 
(.336 M /Hr) 

0.006 lb/llr | 
(0.002 Lr/llr)> SI 
5 mg/M * ) 

(Concent ra t Ion) 

99.9 

A2 (I) 

Heater combustion gas 
vent ; 0. 7 MM Btu/tlr 
Input . 

( I36> 

Infrequent vent. 

Inerts from burlng natural 
gaa In STC and recycle 
H 2 & TCS heaters . 

SCKU Inerts 
{ 182.5 

None (Is re-used In 
process) 

Not applicable 
(NA) 

NA 

A3 

Combuatlble gna filter 
vent from pyrolsla purge 
(600) (2200) 

1700 SCFII max . argon, 
with a trace of II, , plus 
3 . 9 lb/llr s i llcon 
(1.8 Kg/Hr) 

Bag house 

1200 SCFII, (36 M 3 /Hr) 
argon with trace of II, , 
0.006 | b/ll r S 1 , (0.002 Kg/lli 
5 mg/M 1 SI (Concentration) 

99.9 

) 

A4 

Non-comhuatlble gaa vent 
from filter. 

(652) (2300) 

3000 SCFH max. lnerta 
plus a trace of II , . 
(H5 M /Hr) 

0.6 lb/hr Si 

Bag house 

3000 SCFII lnerta 
( H5 M 3/|| r ) 0.006 lb/llr SI 
(0.002 Kg/ll r SI) 

5 mg/M* SO (Concentration' 

99.9 

A5 

Air vent from agglomerate 
(616) 

600.000 SCFII ambient air 
(16,992 M /Mr) 
Temperature Z50°F 
(121 ”C) 

None - no contamln.it ion 

600,000 SCFII 
(16,992 M /Hr) 

NA 








* Process stream catalog 
(1 ) 3 Intermi L tent 

number 






TABLE III EPSDU POLLUTION CONTROL (SHEET 2 OF 5) 


SOURCE 

NO. 

DKSCR1 PTtON 

lINCONTROl.l.l'.n 
EMISSIONS OB H1SCIIARCF.S 

UFCnMMFNDF.n 

TKKAI>1I.NT 

CONTROl.lFn 

RMTSS IONS OR DISCIIARCF. 

% 

RFMOVAI. 
F.FI'TC IKNCY 

A6 

Cooling tower drift And 
evaporate 

650 lh/Hr drift 
(295 Kg/Hr ) 

9250 Ih/tlr evaporate 
(1474 Kg/llr) 

(prlmarl ly water) 

None 

650 lb/llr drift 
(295 Kg/llr) 

3250 lb/llr evaporate 
(1474 Kg/llr) 

N/A 

A7 

HCl Venturi and Calls 
scrubber 

110,900 SCF1I Inerts 
(3140 M / Hr) 

7000 ppm x vol . IICl 

No further treatment 
requ 1 red 

110,900 SCFII inerts 
(3140 M J /llr) 

10 ppm x vol . IIC I 

99.9 







A8 

Thermlnol heater stack. 
A. A MM Rtu/llr 

50,945 SCFII combustion 
gas from burning natural 
gas. 

(1443 M /Hr) 

None 

50,945 SCFII inerts 
(1443 M /Hr) 


A9 

Combustion gases from 
waste liquid and gas 
burners . 

110,900 SCFII 
(3167 M /Hr) 

Discharged to agglomerate 
bag filter, venturi 
scrubbers, and packed 
scrubbers (aee A7) 

r 110,900 SCFII 
(3167 M /Hr) 

99.9 

A, °(.) 

Ml see 1 lsneotis workplace 
fumes , mainly UC * 

(OS HA type consideration) 

Intermittent 
0- 100 ppm x vol . 
(Concent rat i on > 

Use portable fume 
exhauster to remove 
vapors fr<»m workers, and 
discharge through elevate 
stack . 

Workplace environment leas 
than S ppm x vol. lit’ 1 
(Concent rat 1 on) 

90 

W2 

Cooling tower blowdown 
Phosphonate/pbo abate 
type treatment 

3 gpm 

(11.4 1 /min . ) 

None. Discharge to 
process wastewater lift 
s tat ion 

3 gpm 

(11. A 1/mln.) 

NA 

















TABLE ITI EPSDU POLLUTION CONTROL (SHEET 3 OF 5) 


SOURCE 

NO. 

DESCRIPTION 

UNCONTROLLED 
EMISSIONS OR DISCHARGES 

FF.COMlfFNDFD 

TMFATMFNT 

CONTROLLED 

EMISSIONS OR DISCHARGE 

7- 

REMOVAL 

EFFICIENCY 







W7 

Sanitary wastewater for 
15-20 people 

sewage plus wnshwater 
1 gpm ave. 

3.8 1/mln. 

' 

Discharges directly to 
specially gases sanitary 
sewer by separate lift 
station 

Sewage plus wa shunter 
1 gpm ave . 

3.8 1/mln. 

NA 

W 1 

Laboratory and process 
area trench wastewater 

10-50 gpm containing 0- IT 
IIC 1 and chlorosl lanes 
(38-190 1/mln.; 

To Neutralizer 

10-50 gpm wastewater In 
pit range of 6-9. 

(38-190 1/mln.) 

NA 

W6 

Aqueous neutralizer 
ef f luent 

99 gal/week neutralizer 
wastewater 
(378 1/mln.) 
pH 6-9, 3-57. HCl 

Discharge to lift 
station 

99 gpm neutralized 
wastewater 
(378 1/mln.) pH 6-9 
3-57. NaC 1 

1007. of 

acid 

removed 







W3.4.5 

— 

HCl ScruM>er 
Process Wastewater 

50 gpm wastewaler 
190 1/mln.) 

To neutralizer 

50 gpm 
190 1/mln.) 


U8 

Final silicon KPS PU 
effluent from wastewater 
lift station 

85 gpm Hally average 
(323 1/min.) 

100 gpm dally maxi mum 
(379 1/mln.) 

(already treated) 
Discharge through 
Specialty Gases sewer 
line to P0TW. Measure 
flow and sample period- 
ically. 

85 gpm dal ly average 
(323 1/mln.' 

100 gpm Hal ly maximum 
(379 1 .min.) 
tr oati'd wastewater 






- 




TABLE III EPSDU POLLUTION CONTROL (SHEET 4 OF 5) 


SOURCE 

NO. 

DESCRIPTION 

UNCON TROIIED 
EMISSIONS OH 1)1 SCII AROES 

It F.COMMF. NDF J) 
THI'ATMI'.NT 

CONTROU.F.D 

EMISSIONS OR DISCHARGE 

7. 

RI-KOVAl. 

EFFICIENCY 

R \.) 

Waste chlorosllane 
reuldue tank 

Infrequent (plug ups only) 
approximately 35 Ib/llr 
waste ch loros i lanes plus 
small quantity ol silicon 
and copper fines 

Transfer to cblorosllnne 
catch lank for inclnera- 
t i on 

Wastewater wltb pH 6-9 
100 gal/ mo . 

(380 1/mo.) 


R2 (I) 

Disproportionation 

reactor 

100 Hia/year 
catalyst 
(227 Kg/year) 

None 

Containerize for approved 
d i sposa 1 

NA 

NA 

R3 (.) 

Dl aproportlnnatlon 
reactor 

100 lbs/year 
catalyst 
(227 Kg/year) 

None 

Containerize for approved 
d i sposa 1 

NA 

NA 

R/, (I) 

Silane ultrafilter 

5 lb/mo. silicon fines 
(2.3 Kg/mo.) 

None 

NA 

NA 

R5 (I) 

Neutralizer sludge 

200 Ibs/week wet gel 
solids (9.1 Kg/week) 

Non-hazardous neutralized 
sludge contains less than 
0-17. copper. Containerize 
for approved disposal 

NA 

NA 

R6 

Flaker 

Silicon metal 
(29 lb/Hr) 
13.2 Kg/llr . 

Containerize for storage 
and approved disposal 

NA 

NA 

R7 (U 

Combust ib lea filter 

5 Ib/week silicon metal 
(2.3 Kg/week) 

None 

NA 

NA 

R8 (l) 

Non-combustibles fl Iter 

5 Ib/week silicon metal 
(2.3 Kg/week ) 

None 

NA 

NA 

R<) (n 

Used solvent from 
catalyst treatment 

25 gal. year of hexane, 
toluene solvent 
<95 1/year) 

Containerize as hasardous 
waste for approved 
disposal under KORA 
regulations 

NA 

NA 

R,0 o> 

Waste Silicon Metal 

6 lb/Hr , 1.8 Kg/Hr. 

none 

NA 

• NA 




TABLET 1 1 EPSDU POLLUTION CONTROL C SHEET 5 OF 5) 


source 

NO, 

description 

UHOONTROUr.n 
EMISSIONS OR DISCHARCES 

HF.COMWF.NOF.O 

TREATMENT 

CONTROl .1.F.D 

EMISSIONS OR DISCIIARCE 
— 

.7. 

REMOVM. 

efficif.no 


silica duet bln (SIO,) 

178 lb/Hr. silica 
(81 Kb/Hc . > 

None 

NA 

■ 

NA 





• 


srcc 

Require- 
ment s 

Dike tor STC tank 
Dike for TCS tank 
Dike for NaOII tank 

Chlorosllane spills 
NaOII spills 

Contain and neutralize 

Neut rn 1 Ized vustewoter 
with some solids 

NA 


(1) BP * By Product 

(2) NA - Not Applicable 

STC - Silicon Tetrachlori 
•TCS ” Trtcli loros l lane 

ile 






avoid the formation of free chlorine or phosgene (COC^)) 
both of which are toxic chemicals. Because of the potential 
lack of sufficient hydrogen in the burner feed stream to 
convert all of the chlorine to HC1, additional hydrogen is 
usually required. The stoichiometry of the required reac- 
tants is presently being developed. In addition, the for- 
mation of fume silica (SiC^) during the combustion process 
often results in a build-up of silica solids on the burner 
walls which requires frequent mechanical removal to sustain 
satisfactory burner operation. 

• Particle size of the fumed silica formed in combustion is 
exceedingly small (0.1 to 1 micron) which is too fine for 
efficient removal from the gas stream by filtration or wet 
scrubbing methods. To increase removal efficiency, the 
fume silica is passed through an agglomerator, which is 
essentially an air-cooled heat exchanger that promotes par- 
ticle growth of the fumed silica. 

• Removal of HC1 vapor in the combustion gases is accomplished 
by a two-stage, venturi scrubber system, followed by a packed 
tail-gas scrubber. The resulting HC1 absorbed is neutralized 
with caustic soda. Suspended solids in the neutralized 
effluent are expected to range from 50 - 100 ppm total suspended 
solids. Emission point A8 from the HC1 tail-gas scrubber can 

be expected to have a stack HC1 concentration of 10 ppm by 
volume, which is acceptable to the local regulatory agency. 

• Wastewater discharges are expected to range from 85 - 100 gpm. 

Of this quantity, approximately 20 gpm is derived from cooling 
water discharges. Annual reconditioning of the dispropor- 
tionation catalyst will generate several hundred gallons of 
organic solvents, such as toluene and methanol. Occas- 
sional discharge of a small quantity of acqueous methanol 

to the process sewer can be expected. The used toluene 
will be containerized for approved disposal according to 
RCRA requirements. 
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• The neutralizer will require occasional cleaning and re- 
moval of sludge and sand. Access flanges at the top 
are recommended to facilitate this operation. 

• The gantry should be diked/curbed to contain oil leakage 
and potential spills. An earth or concrete dike could 
be considered. A pipeline and valve is needed to drain 
the dike. 

• The sanitary wastewater system is to be provided with its 
own lift station and pump system. One source of this type 
of specialized equipment is the Gould Pump Company. 

• The East Chicago Air Quality Control Office may require 
occasional stack/vent sampling to determine if we are in 
compliance with our permit. This may incur $5,000 - $10,000 
expense after startup. A requirement for periodic waste- 
water analysis can also be expected, with special attention 
being directed to the concentration of copper and total 
suspended solids (TSS) in the effluent. 

A water discharge permit was received from the East Chicago 
Sanitary Sewer District. The permit allowed us to initiate necessary con- 
struction work and also stated that we would be required to provide sampling 
equipment to collect representative samples of our discharge stream, and a 
flow metering device to record total process flow discharge into their 
system. 


Fourteen design safety checklists, used as design standards by 
specific engineering disciplines, were reviewed for EPSDU design applica- 
bility. The following ten checklists are applicable: 


• Electrical Power System (SA-5-2) 

• Instrumentation (SA-5-3) 

• Distillation Columns (SA-5-5) 

• Mechanical Equipment (SA-5-6) 

• Facility Layout (SA-5-9) 

• Architectural Construction Design (SA-5-10) 

• Mechanical Construction Design (SA-5-11) 
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• Electrical Construction Design (SA-5-12) 

• Instrumentation Construction Design (SA-5-13) 

• Auxiliary Equipment (SA-5 -16) 

These checklists were utilized during final design reviews as each design 
activity was completed. 

Safety Reviews 

A design review team was established which has the responsibility of 
considering all aspects of construction and operation of the EPSDU facility from 
a safety viewpoint. 

The team is multi-disciplined, organizationally disinterested, and 
technically highly qualified in the following disciplines: fire protection, 

personal safety, operations, engineering, and process design/ chemistry. Although 
possessing these multifunctional skills, the team will consult other specialists 
to give the greatest possible depth to the safety review. Initially, the team 
concentrated on the design but will reconvene as a pre-startup review team at 
the 95% construction completion stage. The initial meeting of the team took 
place at Tonawanda on November 18 - 20, 1980. 

The safety review team, reviewed the design basis for the facility, 
materials of construction, layout, control methodology, and emergency equipment 
and procedures. The emphasis was placed on process and personnel safety. The 
review included safety and operability of the M-G silicon-to-silane portion of 
the process and features of the EPSDU site layout, process equipment, and fire 
protection. The safety team comments were subsequently reviewed by engineering 
personnel and the suggested items were implemented in the EPSDU design. 

The air discharge permit application was approved as a permit-to- 
construct by the Indiana Air Quality Office for East Chicago. 

The engineering design of the EPSDU addresses all safety and en- 
vironmental concerns about process wastes, neutralization of chlorosilane 
liquid spills, diked areas, drainage trenches, fire-fighting techniques and 
hydrant and protective equipment. 

Volume I of the Operations Manual describes the handling of plant 
chemicals and personnel safety procedures. 
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1. 1.2.3 


Gantry Scale Model 


A scale model of the gantry (3/4 inch equals 1 foot) was con- 
structed to serve as a tool to assist the mechanical designers during drawing 
checkout; see Figure 1.14. The structure, major equipment and piping runs 
were identified and color-coded. The model will be used during the mechanical 
bid phase, operator training and maintenance planning. The use of the model 
had shown some interferences in piping runs which would have been costly to 
treat as a field modification. 

1.1. 2. 4 Operations Liaison 

This activity covered the coordination with the UCC East Chicago 
Gas Plant in order to locate the EPSDU site adjacent to the gas facility and 
provide "tie-ins" to handle wastewater flows and necessary process gas sup- 
plies (nitrogen, etc.). Operations personnel participated with engineering 
designers in locating roadway access, site preparation, fencing, construc- 
tion and sub-contractor access and parking. They also provided plant-site 
coordination during the bidding phase and assisted EPSDU installation acti- 
vities by providing on-site day-to-day construction supervision of the site 
preparation work. 

1.1 .2.5 Facility Scale Model 

The facility scale model was started but not completed during 
Phase III. The model preparation was discontinued due to the proposal that 
the EPSDU site be relocated. 

1.1.3 EQUIPMENT DESIGN, SPECIFICATION, PROCUREMENT 

The equipment-related effort included development of the control 
system, preparation of the piping and instrumentation diagram, preparation 
of wiring schematics and control panel drawings, and the design of equipment. 
The specification activity included definition of specific requirements for 
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FIGURE 1.14 Gantry Scale Model 
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each item of equipment, preparation of bid packages, evaluation of vendor 
quotation, and preparation of final specifications and drawings. Procure- 
ment included the issuance of procurement packages to selected vendors and 
obtaining comprehensive design information necessary for preparing install- 
ation drawings. 

The design and procurement of each item of equipment was accom- 
plished through the combined efforts of process engineers, equipment engin- 
eers, and purchasing agents. These efforts produced a series of documents 
that evolve, ultimately, into a complete, definitive procurement package. The 
guidelines for the individual documents and their respective uses are as follows 

• Functional Specifications : This specification is developed 

by the process engineer based on process requirements re- 
flected in the process flow diagram, heat /mass balance, and 
process control scheme. It defines the duty that this item 
of equipment must perform for the overall process system to 
operate . 

• Engineering Specifications : Using the Functional Specifica- 

tion as a basis, the equipment engineer determines the 
specific type of equipment necessary to satisfy the process 
requirements. This translation of process requirements into 
hardware-specific information is delineated in the engineering 
specification. 

• Request f or Quotation (RFQ) : The Request for Quotation, 

prepared by the equipment engineer, summarizes the 
equipment requirements, identifies vendors to be contacted, 
and defines the bidding instructions. This form, plus the 
engineering specification, constitute the RFQ package sub- 
mitted to the purchasing department for transmittal to poten- 
tial vendors. Vendor quotations are reviewed by the equipment 
engineer and, based on a technical, cost and scheduled eval- 
uation, a vendor is selected. 

• Request for Requisition (RFR) : The Request for Requisition, 

prepared by the equipment engineer, consists of the RFQ 
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package plus the Bid Evaluation Report that identifies the 
selected vendor and the specific equipment model to be pur- 
chased. The RFR is submitted to purchasing and serves as 
the technical basis for the purchase order. 

• Purchase Order (PO) : The Purchase Order (Form L334-31D0), 

prepared by the purchasing agent, defines the terms and 
conditions, delivery requirements, and billing instructions 
applicable to the particular equipment and vendor. This 
form supplements the technical information contained in the 
RFR to provide a complete procurement package. When the 
internal review cycle is completed and the appropriate 
approvals have been obtained, the validated Purchase Order 
is issued to the vendor. 

• Procurement Status Report (PSR) : After the order is placed, 

technical performance is monitored by engineering personnel 
and contractual performance is monitored by purchasing per- 
sonnel. Status is reflected in the Procurement Status Re- 
port, which is included in the Appendices. 

These six documents serve as milestones for measuring performance 
of the procurement cycle for each item of equipment. 

A list of major equipment items (100) is included in the Appen- 
dices (see Appendix A) . 

1.1. 3.1 Process Control 

The control systems engineering effort included all activities 
associated with developing P§I diagram, designing process control loops and 
control panels, specifying valves and instrumentation, and preparing control 
wiring and pneumatic tubing diagrams. 

The "product" of the process control system design activity was 
a series of formal documents or drawing packages which define individual 
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instrumentation requirements, process design requirements, equipment require- 
ments, and piping requirements in great detail. These documents were used 
by all other engineering groups for their design activities and will also be 
used by construction and operations personnel in the future. The key docu- 
ments are : 


D-2143505 
D-2 146786 
D-2145969 
A- 2 1459 87 


A-2146764 

A-214S988 

A-2145989 

A-2147839 

A-2147840 

A-2147841 

A-2147842 

A-2145970 


Process § Instrumentation Diagram (50 sheets) 

Schematic Wiring Diagram (17 sheets) 

Logic Diagram (18 sheets) 

Field Instrumentation Equipment List - 
Functional Specs 

Field Instrumentation Equipment List - 
Detailed Specs 

Main Instrument Panel Specifications 
Quality Assurance Panel Specifications 
Local I/O Panel Specifications No. 1 
Local I/O Panel Specifications No. 2 
Local I/O Panel Specifications No. 3 
Local I/O Panel Specifications No. 4 
Automatic Valve Specifications 


The selection of individual instrumentation components such as 
automatic valves, process controllers, and piping components was difficult. 
Each item had to be specified and evaluated for functioning within the harsh 
chlorosilane environment. The necessary in-depth operability and safety 
evaluations, consultations with equipment suppliers, and in-house reviews 
was time-consuming. 


The following instrumentation components will be mounted on the 
main control panel: 

. • Alarm- Shut down monitors - 4 items 
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• Alarm- Shut down system components - 51 items 

• Electrical switches - 27 items 

• Pressure gauges - 5 items 

• Pressure controllers - 10 items 

• Flow controllers - 11 items 

• Level controllers - 7 items 

• Temperature controllers - 6 items 

• Ratio controller - 1 item 

• Manual controllers - 3 items 

• Strip-Chart recorders - 4 items 

• Temperature transmitters - 6 items 

• Orifice plates and flow sections - 5 items 

• Flowmeters and transmitters - 48 items 

• Differential pressure transmitter - 1 item 

• Pressure switches - 7 items 

• Flowmeter - 1 item 

• Flow indicators - 8 items 

• Valve manifolds - 18 items 

• Flow and level indicators - 12 items 

• Pressure and temperature switches - 23 items 

• Differential pressure transmitters - 20 items 

• Conductivity-type level indicators - 15 items 


A master instrument equipment list was developed from the PSI 
diagrams and the schematic wiring diagram was expanded to show the inter- 
faces between field instruments, panel instruments and the data collection 
system. 


PS I Diagram 

The Process and Instrumentation diagram (PSI), which depicts all 
portions of the process except pyrolysis and melting/ consolidation was issued. 
An instrumentation evaluation determined that most process fluid flows will 
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be measured by rotameter- type devices and most process liquid levels will be 
measured by capacitance probes. The detailed piping and valving arrange- 
ments required for these devices were depicted on the P§I diagram. Similarly, 
certain pieces of process equipment have been purchased with instrumentation 
supplied by the vendor. Items reviewed included safety relief valve settings, 
manual and check valve relative locations, pressure and temperature measure- 
ment locations, and automatic valve sizes. 

The Revision "G" version of the P§I diagram was the last issue. 

It was used to check all equipment and piping drawings in the mechanical 
installation bid package. This was also the version of the P$I diagram to 
be issued prior to the actual start of equipment and piping installation work 
at EPSDU. 


Control Logic Diagram 

The control logic diagram and schematic wiring diagrams were pre- 
pared. Purchasing specifications, associated with the control logic diagram, 
were issued for the main programmable control system or "Modicon" unit. The 
main components of this system were shipped to Tonawanda for checkout and 
control logic programming. 

Relay logic diagrams were developed to enable specification of 
the relay circuit equipment, and development of the schematic wiring diagram. 

Modicon Programming 


The Modicon 584 programmable controller is a solid-state device 
designed to perform logic, timing, sequencing and calculations for industrial 
control applications. It is a general purpose device that can be used as a 
direct replacement for relays or solid-state electronics in an industrial 
environment. This system is used for the EPSDU facility. 
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Control Panels 


Figure 1.15 represents the design of the operating/front face of 
the main control panel that will be located in the switchgear-control room. 

The EPSDU contains a total of six control panels. 

1.1 .3.2 Electric Power System 

This effort included all electrical engineering activity required 
to develop the power control and distribution systems, prepare the definitive 
electrical one-line diagram (Figures 1.16 and 1.17) and specify electrical 
equipment. Alternates for a secondary source of emergency power were also 
evaluated and the most reliable source appeared to be a diesel-powered emer- 
gency generator at the EPSDU site. If primary power is lost, the emergency 
generator will automatically cut in and provide a level of power sufficient 
to operate the refrigeration system, some ventilation systems, and some 
lighting systems. Consequently, the emergency generator was purchased. 

The 11.5 KV primary power will be supplied by NIPSCO and is re- 
flected in the issued electrical one-line diagram. This diagram delineates, 
through single lines and simplified symbols, component devices and circuits 
that comprise the electrical system. It depicts the path of energy transfer 
and identifies circuit components and their ratings. Thus, the one-line dia- 
gram is a complete representation of the EPSDU electrical system from the 
receiving point to the equipment. Typical information includes: 

• Power Supply - Incoming voltage, frequency and short cirucit . 
EPSDU incoming voltage is 11.5 KV, maximum short circuit is 
36.4 MVA, and minimum short circuit is 24.7 MVA. 

• Transformers - EPSDU includes a 1500 KVA, 11.5 KV/480 V power 
transformer with an impedence of 8.0%. Four 480 V to 120/ 

280 V transformers are distributed throughout the plant for 
lighting, HVAC, and other general uses. 

• • Power Distribution Cable and Bus Ducts - Size and capacity 
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• Bracing - All equipment must be braced for short circuit. 

• Switch gear - With protective relaying and equipment to 
control and protect large motors and transformers. 

• Motor Control Center - With protective devices to control 
and protect smaller size equipment. EPSDU utilizes two 
motor control centers (MCC); however, MCC #2 is used to 
distribute power only to those items of equipment that must 
be powered during a power failure. A 300 kw generator is 
used for emergency power. 

• Motors § Heaters - Horsepower and kw. EPSDU includes 33 
motors ranging in size from 1 HP to 75 HP and three 100 kw 
heaters. 

The one-line diagram serves as the basis for specifying the elec- 
trical equipment. Figures 1.16 and 1.17 (drawing D-2145548) show the elec- 
trical one- line diagram for the EPSDU project. 


1 .1 .3.3 Process Equipment - (JCC Designed 


This included the in-house effort necessary to develop and pre- 
pare the complete design for specialized process equipment such as the 
hydrogenation and free-space reactors and distillation columns. UCC/Linde 
made the detailed mechanical design and manufacture of the four columns. 

The assembly drawings for the ASME-coded vessels were: 


PS-2130700 
PS-2130702 
PS-2130704 
DSBM-2 130706 


Stripper Column Assembly 
TCS Column Assembly 
DCS Column Assembly 
Silane Column Assembly 


A packed-bed silane column was selected rather than the originally con- 
ceived trayed column for ease in fabricating a very small distillation 
column. 


75 


A test was run on the silane distillation column packing to in- 
sure that the UCC cleaning procedure would not alter the packing or result 
in any unusual gas evolution due to its high surface area. The results 
showed that the standard UCC cleaning procedure as specified was acceptable. . 

1.1. 3.4 Process Equipment - Vendor Designed 

This activity included the engineering effort associated with 
specifying and selecting process equipment such as compressors, pumps, and 
tanks that will be designed and fabricated by commercial suppliers. 

Equipment cleaning procedure "SCS-1" was issued. This procedure, 
specific to fabricated equipment for the silane portion of the process (e.g. 
silane column, condenser, storage tanks), was used by equipment suppliers 
as a final fabrication specification. For chlorosilane service up to the 
silane column, an existing specification (GS-40) was modified to cover all 
relevant equipment. Items which were vendor designed and fabricated include: 


Item No. 

— 

Description 

424-04 


. Reboiler 

426-02 


Quench Contractor Pump 

426-06, 

07 

STC Pump 

427-02 


TCS Filter 

429-02 


Quench/Solids Removal Contactor 

429-04 


Gas Superheater Furnace 

434-02 


Stripper Condenser 

434-06, 

10 

Reboilers 

434-08, 

14, 18 

Column Condensers 

434-12, 

16, 24 

Coolers 

436-02 


TCS Distillate Pump 

436-04 


DCS Distillate Pump 

436-05 


Spare Chlorosilane Pump 

437-02 


Silane Filter 

444-02 


Coolers 
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Item No, 


Description 

452-02 


Tailing Column 

453-02 


Agglomerator Blower 

453-04, 

05 

Waste Gas Blowers 

456-08 


Tailing Column Pump 

459-02, 

04 

Venturi ' s 

459-16, 

20 

Tank Agitators 

417-02 


M-G Silicon Unloading Filter 

428-04 


M-G Silicon Conveyor 

454-04 


Silica Agglomerator 

457-04 


Combustibles Vent Filter 

457-06 


Silica Bag Filter 

459-08, 

10, 12, 14 

Waste Burner #1, #2, #3, #4 

459-18 


Caustic Tank, Heater 

461-02 


Hot Oil Tank 

451-18 


Caustic Storage Tank 

461-04 


Fuel Oil Day Tank 


For a complete listing of equipment items, see Appendix A. 

1.1. 3. 5 Auxiliary Equipment 


This included the engineering activities associated with speci- 
fying and selecting auxiliary equipment such as heating and refrigeration 
systems, instrument air unit, and cooling tower which was designed and fab- 
ricated by commercial suppliers. Equipment items purchased under this class- 
ification included: 


Item No. 


Description 


461-04 
466-06, 07 
469-06 
469-12 
469-20 


Fuel Oil Tank 
Fuel Oil Pumps 
Cooling Tower Treatment 
Refrigeration System 
Instrument Air Dryer 
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Item No. 


Description 


Emergency Generator 
Cooling Tower 
Therminol Heater 

Hydrogen and argon liquid storage tanks will be leased and thus are not re- 
quired as capital expenditure items. 

1.1. 3. 6 Support Equipment 

This effort included the engineering activities associated with 
specifying and selecting commercially-supplied equipment such as trailers 
and materials-handling systems. 

Quality Control Laboratory 

The modular laboratory is a unit 56 feet long x 12 feet wide 
equipped with appropriate work surfaces, cabinets, fume hoods, and electrical 
and plumbing fixtures. The sample line termination panel and analytical 
equipment were purchased separately. All components will be shipped to the 
UCC East Chicago facility for assembly and checkout prior to final connec- 
tions at the adjacent EPSDU site. 

A layout of the sample line termination panel was developed. The 
panel face, 5 feet high x 6 feet wide, will allow display of sample flow, 
pressure, and manual sample-stream selection for the 47 process sample points. 
The panel was designed to be maintained at 165°F to assure that all samples 
remain in the vapor phase for chromatographic analysis. Special considera- 
tion was given to safety and environmental concerns. A unique panel face, 
ventilation arrangement was designed to vent any small leaks directly out- 
doors, and sandwich -type-construction insulation keeps the panel face cool 
while maintaining 165°F inside. 

The Q.C. laboratory included an UV spectrophotometer, a gas 
chromatograph system, a silicon melting furnace, and a plasma spectrometer. 


643-02 

469-02 

459-18 
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The Jarrell-Ash inductively coupled plasma emission spectrometer 
was evaluated in detail. The functional need at EPSDU is for a multi- 
element determination of selected metallic elements in various chlorosilane, 
silane, and silicon samples. The concentration of these elements varies 
from 1000 ppm in metallurgical silicon and the waste metals stream to 1 ppb 
in the silane and silicon products. The unit should be relatively simple to 
operate on a routine basis and should require a minimum of analytical man- 
power for sample preparation and analysis. As a result of the evaluation of 
atomic absorption spectrometers (both flame and graphite furnace types), 
atomic absorption instruments with Zeeman optics, and induction-coupled 
argon plasma emission spectrometers, the plasma spectrometer was selected 
as the best unit for EPSDU. The Zeeman spectrometer appears to be potentially 
superior for detecting certain elements in high-purity silicon because of a 
unique background correction and large sample-size capability. However, the 
extremely non-linear response, the difficulty of loading precise, reproducible 
amounts of sample into the furnace, and the lack of in-house experience were 
negative aspects. S A11 of the units evaluated could utilize the same sample 
preparation techniques. The Zeeman spectrometer can also accept a solid 
sample. The plasma spectrometer was selected because the detection and 
quantization limits are at least as good as the atomic absorption units, it 
provides simultaneous output of all selected elements, and it requires less 
trial-and-error dilution of samples and standards because of the broad linear 
response. 


Trailer requirements were reviewed based on firm information from 
the analytical equipment vendors as to dimensions and services required. A 
single clean-air type acid fume hood was chosen to replace two conventional 
hoods and eliminate the need for filtering all laboratory ventilation to HEPA 
standards. 


The Q.C. trailer specifications were revised to lower the trailer 
costs. The revised bid package resulted in a 50% reduction in unit cost 
without loss of function. 
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1. 1. 17 


Other Equipment 


The silane free-space reactor and the melting/consolidation 
system can be classified as "other equipment" and are described under the 
supporting R§D classification in tasks 1.6.1 and 1.62 respectively. 

Items classified as "specialty items" are those items not 
readily available and were designed and fabricated/assembled at the Linde 
factory and include the following: 

Chlorosi lane Pump Pressure-Seal Systems 

These assemblies provide for flushing a high-pressure fluid 
through the double mechanical seals of the centrifugal pump. One assembly 
is required per pump. This design was tried at Sistersville and appears 
to be the best way to seal the rotating shaft of a centrifugal pump in 
chlorosilane service. Each assembly consists of a small ^pneumatically- 
driven pump mounted on a 2 -gal Ion container, together with appropriate 
local instrumentation such as level and pressure indicators. The compo- 
nents, ordered from sources recommended by Sistersville, were assembled 
at Tonawanda. 

Hydrogenation Reactor Ram Valve 


This valve isolates the metallurgical silicon feed from the 
hydrogenation reactor and consists of a pneumatically-driven air cylinder 
operator, a high pressure nitrogen-purged stuffing box seal, a therminol- 
jacketed stainless steel body, and an Incoloy 800 plug. The plug is 
attached to the air cylinder through a set of shafts, shaft seals, and 
the stuffing box. This valve assembly isolates the hot, corrosive environ- 
ment of the hydrogenation reactor from the mild-steel equipment that feeds 
the metallurgical silicon. Since the Incoloy plug exactly fits the hydro- 
genation reactor feed port, there is no "dead space" for precipitation of 
the metal chloride vapors. The components were assembled at Tonawanda for 
shipment to the field. 
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Mechanical Cleaner for the Agglomerator 


A spring-type cleaner was chosen for the vertical tubes. These 
loosely-wound springs are friction-hung from the top feed-thru fitting of 
each agglomerator tube. Silica deposits will be scraped off by a vertical 
motion of the center which is hand-stroked. The construction material is 
high-tensile steel piano wire. 

Stack Gas Analyzer/Leak Detector 


The leak detector for the gas superheater is an instrument which 
continuously samples the superheater flue gas and sets off an alarm if a 
high level of HC1 is detected. The detection method is to dissolve the 
stack gas in de-ionized water and test and solution with a chloride-sensitive 
electrode. 


A commercial instrument was not available; a discontinued Beck- 
man design was tailored to the exact needs. The analyzer, contained in a 
metal box, draws a sample of the stack gas through a magnetically stirred, 
constant temperature bath containing de-ionized water. A chloride ion 
probe senses any hydrogen chloride present in the stack gas, sending a 
signal to the pH meter which has a meter relay alarm feature. 

Pyrolysis Hydrogen Compressor 

The compressor was refitted and cleaned to meet electronic-grade 
purity specifications. 

Sample Conditioners 

The sample conditioners were designed, assembled and cleaned to 
electronic-grade purity specifications. These pipeline units adjust pres- 
sure and temperature of small sample streams that are directly piped to 
the Q.C. lab. 


81 



1. 1.3.8 


Data Collection System 


The computerized data collection system for the 100 MT/Yr silane- 
to-silicon EPSDU plant provides operational guidance and design data for the 
commercial facility. The basis of this system is the computer control system 
which is used by UCC-Linde in the control of Air Separation Plants. 

The main data-acquisition computer was delivered to Tonawanda 
for checkout prior to re-shipment to the EPSDU site. 

The system selected was the Data General minicomputer and several 
input/output devices. Figure 1.18 shows a block diagram of the data collec- 
tion system. The purpose of the data collection system is to: 

• Provide data for the commercial design 

• Provide operational guidance at EPSDU 

The following paragraphs describe how this is accomplished: 

Data to be Collected 

The specific data which will be collected have been chosen so 
that heat and mass balances can be obtained, kinetic modeling can be accom- 
plished, and the efficiencies of the heat exchanger and distillation columns 
can be determined. The remaining data points will be used to monitor control 
systems and provide operational guidance. The data can be separated into 
four groups according to how they are collected. These are: 

• Temperatures, pressures, flow rates § levels 

• Relay and switch operation 

• Composition 

• Raw material and utilities usage 
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PROCESS 



FIGURE 1.18 Data Collection Scheme 
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Method of Data Collection 


Temperatures, pressures, flow rates, and levels are monitored 
using a Scanivalve System which consists of four modules and one drive 
shaft. The drive shaft is driven and the position of Scanivalve System 
is monitored by signals to and from the minicomputer. The signals 
(measurements) from the process are channeled through an analog-to- 
digital converter, through a process input/output interface, and finally 
into the minicomputer buffer. This information is converted to predesig- 
nated engineering units, assigned a label (location identification) and 
time, and stored in the memory. 

The Modicon is filled with a self-contained programmable 
processor. This unit scans the on-off signals of the relays and switches. 
In the event of a change in the position of a switch, the information 
is sent to the minicomputer and is labeled with a location and a time. 


Stream sampling and compositional determination will be pro- 
vided by the quality analysis part of the EPSDU program. The interface 
between the Q.C. lab and the minicomputer will be a terminal which is also 
used as an output device for the gas chromatograph system. Analyses re- 
sults will be typed in on the terminal with a compositional profile, a 
location label, and the time at which the sample was taken. This infor- 
mation will go the minicomputer and be stored in the memory bank. 

Raw materials and utilities usage information will be based 
on a manual process involving the reading of gauges, etc. This informa- 
tion will be entered through a CRT (Cathrode Ray Tube) with a three 
element label: time, location, and quantity. 

Method of Data Output 

There will be five output devices — three CRT's, an X-Y 
plotter, and a serial printer. In addition, there is a disk subsystem. 
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One CRT will be in the control room and will be used by the operating 
staff to monitor the status of the process. The remaining output devices 
will be in the trailer. One CRT, the X-Y plotter and the serial printer 
will be used for report generation, operations, planning, and examination 
of process variables. The other CRT will operate in the same mode as the 
control room CRT and will be used for trouble-shooting problem areas such 
as control systems. The disk subsystem will be used to generate data 
disk packs which will be sent to Tonawanda for data reduction. 

Form of Output 

There will be two forms of formal outputs. The first will be 
an approximately weekly operations report that includes a mass balance, 
heat balance, comments on operations, and various other pertinent data 
for that time period. The other formal output will be the results of 
the data reduction at Tonawanda. 

Software Requirements 

The software requirements can be separated into two areas: 

• Data Acquisition and Storage Programming 

• Data Reduction Programming 

The first area was handled by the Linde Tonawanda minicomputer 
group. This work included the implementation of the existing software 
system for data acquisition, conversion, and trending as well as the 
development of any new software required for data storage and retrieval. 
The second area was the responsibility of the Process R$D group — this 
area involved two phases: one at EPSDU and one at Tonawanda. The EPSDU 

phase includes: 

• The first part of the programming will involve making 
the data readily available in a usable form. This 

will require a data sorting program, a plotting program, 
an integration program and a physical properties package 
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• The second part is assembling the information for heat 
and mass balances and performing these balances. 

• The third part is the formatting required for report 
generation, input from the Q.C. lab, and input from 
manual readings. 

The Tonawanda phase includes: 

• Preliminary treatment of data such as sorting and 
integrating 

• Hydrogenation kinetics 

• TCS redistribution kinetics 

• DCS redistribution kinetics 

• Vapor-Liquid Equilibrium data, column efficiencies 

• Heat exchanger heat transfer coefficients 

• Pyrolysis and waste treatment parameters 

Software for the data collection system was prepared jointly 
by process engineers and Computer Applications personnel. Software al- 
ready developed was modified as were routines necessary to enter the data 
into the minicomputer memory. The process group provided the computer 
group with necessary information such as a parameter list, parameter 
ranges, and the frequency of collection. Additionally, the process group 
prepared software to output the data in formatted reports. 

The Nova IV minicomputer, 2 CRTS, a line printer, twenty 5- 
megabyte disk packs, and 10 double-density floppy disks (diskettes) were 
received and installed at Tonawanda. The 5-megabyte disk packs and the 
floppy disks have been initialized and formatted. This procedure estab- 
lished the record length, record density, and labeling to permit random 
access of data stored in the disks and diskettes. The software provided 
by Data General and standard software developed by UCC was loaded into the 
permanent memory and includes utility programs and library files. 
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Installed in the same area as the peripherals were a Hewlett- 
Packard gas chromatograph electronic controller and remote input/output 
(I/O) station. The Hewlett-Packard interface components were installed 
and tested to ensure proper interfacing between the controller and the 
Data General minicomputer. 

Process Variable List 


The process variable list was completed and stored on a disk 
pack in the minicomputer. Programs which allow the listing, sorting and 
the alteration of the list were also transferred onto this disk pack. 

The process variable list included an internal identification number, 
an external identification number, a description, engineering units, signal 
type, signal location (Panel Number), an instrument tag, and the variable 
class (see Table IV). The two identification numbers are the minicomputer's 
primary means of searching for a specific variable. The description is the 
user's primary means of searching for a specific variable. The units are 
the storage locations of the process variable value. Signal type is the 
type of signal which is sent from the instrumentation: 

PN = pneumatic (psig) 

T/C = thermocouple (mvolts) 

E = electronic (mamps) 

The panel locations have not yet been assigned. The instrument tag is 
the identification number of the instrument from which the signal origi- 
nates and the variable class identifies the type of Scanivalve system 
from which the signal is collected; 3 pneumatic, 4 electronic, and 5 thermo- 
couple. 


The process I/O system is the interface between the process 
equipment (thermocouples, flow meters., level indicators) and the minicom- 
puter. Most of the signals (184 signals) will be routed through a scani- 
valve system which has four modules — one thermocouple, one electronic, 
and two pneumatic. Signals from the modules travel through four channels 


87 


TABLE IV 


<5 1 •. I con lpsdu process variable list 


13/11 /SO 



ID 

ED 

DESCRIPTION 

UNITS 

SIC 

PANEL 

INS r. TAG 

CLASS 

COMMENT 

pv 

1. 

ABT071 

MAKE-UP H2 (0 HYD REA TEMP 

DEG P 

F 


TE 107-1 

4 

S RTD 

rv 

4m 

A B TO 72 

HYDROGENATION REA TEMP 1*1 

DEG F 

E 

- 

re to?-2 

4 

S RTD 

P V 


CDP177 

MAKE-UP H2 TO HYD REA PRES 

PS 10 

PN 

- 

PT317-2 

3 


PV 

4 

ART 231 

SUPHEA STC TO HYD REA TEMP 

DEO E 

E 

- 

TF 123-1 

4 

S RTD 

PV 


APK281 

STC FLOW FROM STC STORAGE 

AOFM 

PN 

- 

FIT 128-1 

3 

WALL TIER 

PV 

A 

ABT22 1 

SUPHEAT H2 TO HYD REA TEMP 

DEO P 

E 

- 

TE 122-1 

4 

S RTD 

PV 

7 

ARF21 1 

CGMPRSD H2 FLOW TO SH FURN 

AC EM 

PN 

- 

FT1 21-1 

3 

WALL ft, TIFR 

PV 

8 

APT 073 

HYDROGENATION REA TEMP #2 

DEO F 

E 

- 

TL 1 073 

4 

S RTD 

PV 

•~t 

ABT074 

HYDROGFNAT I ON REA TEMP #3 

DEO F 

PN 

- 

TT 107-1 

3 


PV 

10 

ABI..071 

HYDROGENATION REA LEVEL 

PSIG 

PN 

- 

LT 107-1 

3 

D/P CELL 

PV 

1 1 

ABD072 

HYDROGENATION DELTA p 

PS 10 

PN 

- 

POT 107-7 

3 

D/P CFLL 

PV 

1": 

ABP07 1 

HYDROGENATION INLET PRESS 

PS 10 

PN 

- 

PT 107-1 

3 


PV 

13 

ABT031 

HYDROGENATION OUTLET TEMP 

DEG F 

F 

- 

TE 108-1 

4 

S RTD 

PV 

14 

A0T082 

WASTE SETTLER TANK TEMP 

DEG F 

T/C 

- 

TF 108-2 

5 

TYPE T 

PV 

15 

ACT! i 1 

RECYCLE TO O.C VENTURI TEMP 

DEG F 

T/C 

- 

TEJ 11-1 

5 

TYPE T 

PV 

14. 

ACPI 71 

OUENCH CONDENSER WASH FLOW 

AOFM 

PN 

- 

E IT 1 17-1 

3 

WALL *< TIER 

PV 

17 

ACPI 37 

QUENCH CGNOFNSER FEED DP 

PSIG 

PN 

- 

FT 1 13-7 

3 

D/P CELl 

PV 

IS 

ACT 141 

QUENCH RECEIVER TEMP 

DEO F 

T/C 

- 

TEl 14— t 

5 

TYPE T 

PV 

12 

A0FJ91 

CRUPF TCS FI OW TO STORAGE 

ACFM 

PN 

- 

FIT 1 1 7-1 

3 

WALL TIER 

PV 

20 

ACYI61 

VALVE POS ON RECYLCF TO 6C 

7. OPEN 

PN 

- 

- 

3 

NOT SPEC 

PV 

21 

ACPI 81 

H2 PRESS IN RECYCLE RECEJV 

PSIG 

PN 

- 

PTl 18-1 

•t* 


PV 

72 

ACT 181 

H2 TEMP IN RECYCLE RECEIV 

DEO F 

T/C 

- 

TEl 18-1 

5 

TYPE T 

PV 

23 

ACl 251 

TCS STORAGE TANK LEVEL 

FEET 

- 

- 

LT 175-1 

0 

ORE X /DIRECT 

PV 

24 

A8T24 1 

SAT. STC FROM VAP0RI7.0R T 

DEG F 

T/C 


TEl 24- 1 

C| 

TYPE T 

PV 

•".IT 

ABT075 

HYDROG REA STC FEED TEMP 

DEO F 

E 

- 

TEl 07-5 

4 

S RTD 

PV 

26 

AALOOl 

LEVEL OF M.G. SILICON BIN 

FEET 

- 

- 

LI 100-1 

0 

DIRECT 

PV 

27 

BAF251 

STRIPPER COLUMN FEED FLOW 

ACFM 

PN 

- 

FIT175-1 

3 

WALL & TIER 

PV 

23 

BAT257 

STRIPPER COLUMN FEED TEMP 

DEG F 

T/C 

- 

TEl 25-7 

5 

TYPE T 

PV 

29 

BAT251 

STRIPPER COLUMN TFMP #1 

DEG F 

T/C 

- 

TEl 25-1 

5 

TYPE T 

PV 

30 

BAT252 

STRIPPER COLUMN TEMP #2 

DEG F - 

T/C 

- 

TEl 25-2 

5 

TYPE T 

PV 

33 

BAT253 

STRIPPER COLUMN TEMP #3 

DEO F 

T/C 

- 

TEl 25-3 

5 

TYPE T 

PV 

32 

BAT254 

STRIPPER COLUMN TEMP #4 

DEO F 

T/C 

- 

TEl 25-4 

5 

TYPE T 

PV 


BAT255 

STRIPPER COLUMN TEMP #5 

DEG F 

T/C 

- 

TEl 25-5 

5 

TYPE T 

PV 

34 

BAT256 

STRIPPER COLUMN TEMP #4> 

DEO F 

T/C 

- 

TEl 25-4. 

5 

TYPE T 

PV 

3? 

BAT03 1 

STRIPPER OVHD TEMP 

DEO F 

T/C 

- 

TE 303-1 

5 

TYFE T 

PV 

36 

I3AT04 1 

STRIPPER C0NDEN3 LIOD TEMP 

DEO F 

T/C 

- 

TE204-1 

5 

TYPE T 

PV 

37 

BAT501 

STRIPPER CONDENS VAPR TF.MP 

DFG F 

T/C 

- 

TE2501-1 

O 

TYPE T 

PV 

39 

BAF50 1 

STRIPPER CONDENS VAPR PLOW 

ACFM 

PN 

- 

FT2501-1 

3 

WALL it TIER 

PV 

40 

BAD041 

STRIPPER REFLUX DP 

PSIG 

PN 

- 

FT204-1 

3 

ORIFICE 



on an analog-to-digital (A/D) card and a digital signal enters the computer. 
There are approximately 20 analog signals which do not go through the scani- 
valve system but are directly associated with a dedicated channel on an A/D 
card. There is no economical balance between the cost of the channels and 
the cost of an additional scanivalve module; the system described above has 
been chosen as being the most efficient and reliable. 

The digital signals which enter the computer are converted into 
values in engineering units (deg F, psig, ACFM, etc.) which are then stored 
on the disk pack. 

A system for data reduction operation at Tonawanda has been iden- 
tified. The full disk packs of data obtained at EPSDU will be sent to Tona- 
wanda where the data will be transferred to magnetic type for reading into 
the UCC main-frame computer network. A combination of sorting and statistical 
routines will be used to reduce the data to a usable form. The data will then 
be entered into several proj ect -specific engineering programs which will pro- 
duce operations information and design parameters. 

On-line data (scanivalve points and direct inputs) are collected 
at specified time intervals by the computer. The off-line data (analyses and 
manual readings) are manually entered through one of the peripheral devices. 
Information about the process can be obtained in either of two ways: 

(1) Automatic readout in the form of a log, a daily report, 
or a message, 

or 

(2) Operating personnel can request by typing manual instruc- 
tions to the computer to display a group of process 
variables or an hourly average of key variables for the 
past 24-hour period. 
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The daily report summarizes the key performance parameters viz: 


1. Specified primary process variables (approx. 50) vs clock 
time; one hour averages, daily averages and deviations 

• Flows on ACFM or GPM 

• Temperatures in °F 

• Pressures in psia 

• Levels in inches 

2. Heat and Mass Balance 

a. Overall facility Si/H/Cl balance 

b. Sub-system balance 

• Hydrogenation reactor/superheater 

• Quench condenser loop 

• Hydrogenation sub -system 

• Stripper Column 

• TCS Column/TCS Redistribution Reactor 

• DCS Column 

• Silane Column/DCS Redistribution Reactor 

• Distillation sub-system 

• Pyrolysis/Consolidation sub-system 

c. Minimum inclusion into daily report will be based 
on daily averages, but hourly averages can also be 
be used as required. 

3. Utility consumptions, absolute and pro-rata 

• Electric power 

• Natural gas 

• Water 

• Nitrogen 

• Argon 
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4. Off-line/waste treatment inputs 


• Q.C. trailer off-line analyses 

• Process off-line inputs 

• Waste treatment area flows, differential pressures, 
and temperatures 

A sample of the daily report (4 pages) is shown in Table V. 

1.1.4 INSTALLATION DESIGN, SPECIFICATION, SUBCONTRACT 


This design effort includes development of separate installation 
drawing packages for the site, civil, mechanical, and electrical specialties 
based on the engineering design effort and vendor-supplied information. 
Specification activity includes definition of specific requirements for per- 
forming all installation functions. Subcontracting includes the preparation 
of bid packages, evaluation of quotes, subcontractor selection and contract 
negotiation. 

1.1. 4.1 Site Drawing & Specs 

This work item included preparation of all drawings and specifi- 
cations necessary for rough grading, establishing drainage patterns, in- 
stalling fencing, providing a base for parking lots and roads. 

The Site Preparation Package was awarded to Vic Kirsch Construc- 
tion Co., Inc., 7020 Cline Avenue, Hammond, Indiana 46223, on June 18, 1980. 
The package contained the following drawings: 

D-2146801 - General Plan 

D-2146802 - Location Plan 

D-2146803 - Details and Specifications 

Site Preparation work, as defined in the Site Preparation Package, 
consisted of the following: 
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TABLE V 


DAILY OPERATIONS REPORT (PAGE 1 of 4) 


PAGE ! 


ID 

N) 


& <4 O ft 
ft 0 ft ft 
** 


EXPERIMENTAL PROCESS DEVELOPMENT UNIT 

S I LANE- TO-S I L I CON PROCESS 

DAILY OPERATIONS REPORT 
DATE: 7 k 81 

TIME: 8 S3 IS 


** OVERALL MASS FLOW - SILANE FACILITY »* 


CONSUMED (L P/HR) 


PRODUCT (L.P/HR) 


hi: = 1000. o 

TCS = ] 000. 0 

STC = 1000.0 

SI = 1000.0 

CU = t 000.0 
N2 = 1000.0 


SIH4= 1000.0 


** HYDROGENATION MASS FLOWS ** 

CONSUMED (1 B/HR) 

H2 = 1000.0 

HCL = 1000.0 

DCS = 1000.0 

TCS = 1000.0 

STC = 1000.0 

SI = 1000.0 

CU = 1000.0 

N2 = 1000.0 

** DISTILLATION MASS FLOWS ** 

CONSUMED (LB/HR) 

H2 = 1000.0 

HCL = 1000.0 

MCS = 1000.0 

DCS = 1000.0 

TCS = 1000.0 

STC = 1000.0 

N2 = 1000.0 

** PYROLYSIS/MELTING MASS FLOWS ** 

CONSUMED! LB/HR) 

SIH4= 1000.0 


PRODUCT (LB/HR) 

H2 -• 1000.0 

HCL = 1000.0 

MCS = 1000.0 

DCS = 1000.0 

TCS -• 1000.0 

STC = 1000.0 

N2 = 1000.0 


PRODUCT (LB/HR) 
SIH4 = 1000.0 


PRODUCT (LB/HR) 
SI = 1000.0 


WASTE (LB/HR) 

RECYCLF < LB/HR 

H2 ® 

1 000 . 0 

DCS - 1 000 . 0 

SJH4= 

1000.0 

TCS » 1000.0 

HCL = 

1 000 . 0 

STC = 1000.0 

MCS =* 

1 000 . 0 


DCS = 

1000.0 


TCS « 

1000.0 


STC = 

1000.0 


SI = 

1 000 . 0 


cu = 

1000.0 


N2 = 

1 000 . 0 



WAS' 

TE( LB/HR) 

RECYCt E< LB/HR 

H2 

S 

1000.0 

H2 

12 

1000. 0 

HCL 

= 

1000.0 

HC1 

= 

1 000 . 0 

DCS 

= 

1000. 0 

DCS 

= 

1 000 . 0 

TCS 

= 

1000.0 

TCS 


1000.0 

STC 

" 

1 000 . 0 

STC 


1 000 . 0 

SI 


1000. 0 

N2 


1 000 . 0 

CU 

- 

1000.0 




N2 

= 

1 000 . 0 





WASTFILB/HR) 

RECYCLE (LP/HR 

H2 = 

1000.0 

DCS = 1000.0 

SIH4= 

1000. 0 

TCS = 1000.0 

HCL = 

1000. 0 

STC = 1000.0 

MCS = 

1 000 . 0 


DCS = 

1 000 . 0 


N2 = 

1000.0 



WASTFU.B/HR) RECYCLE ( l.P/HR > 

H2 = 1000.0 H2 = 1000.0 

SIH4 = 1000.0 

SI = 1000.0 


PAGE £ 
DATE: 7 6 81 


TABLE 


V 


DAILY OPERATIONS REPORT (PAGE 2 of 4) 


«««« 


PAGE 2 
DATE: 7 6 Si 
TIME: 8 33 18 

UTILITIES/RAW MATERIALS REPORT 






UTILITIES USAGE ** 


c: WATER . = 

1000.0 

OPM 

OUT * 

1000.0 

DEG 

F 




RET = 

1000. o 

DEG 

F 

THERMINOL = 

1000.0 

OPM 

HOT = 

1 000 . 0 

DEG 

F 




RET = 

1000. 0 

DEG 

F 

REFRIGERNT* 

1000.0 

GPM 

OUT = 

1000.0 

DEG 

F 




RET = 

1000.0 

DEG 

F 


NAT GAS 

1000.0 

ACF 

DATE: 

10 

10 

TO 

10 

10 

ELECTRICAL* 

1000.0 

KWH 

DATE: 

10 

10 

TO 

JO 

10 

NITROGEN = 

1000.0 

ACF 

DATE: 

10 

10 

TO 

10 

10 


RAW MATERIALS- ON HAND 




STC TANK = 1000.0 GAL 

MG SI BIN * 1000.0 LBS 

DR I OX H2 * 1000.0 ACF 

» 

*4# 

4444 


HYDROGENATION DETAILED REPORT 


** ATOMIC MASS FLOW #» *# HEAT DUTY REPORT *# 



LBS 

IN 

LPS OUT 


HT EXCHANGER 

DUTY BTU/HR 


H 

CL 

SI 

= 1 000 . 0 
= looo.o 
= 1000.0 

H 

CL = 
SI = 

t 000.0 
1000. 0 
1000.0 


VAPOR I ZOR = 
SUPERHEATR* 
G CGNDENSR* 

1000.0 
1000. 0 
1000.0 





REACTOR 


44 

W SETTLER 

44 



TEMP 

PRESSURE = 
7. CU 
H28STC 
CONVERSION* 
PART SIZE = 

1000.0 DEG F 
1000.0 PS I A 
1 000 . 0 
1000.0 
1000. 0 I.BS 
1000.0 MICRGM 



TEMP 

PRESSURE = 
RECYCLE TO* 
RECYCLE FR= 
DUMPED 

1000. 0 
1 000 . 0 
1 000 . 0 
1 000 . 0 
1000. 0 

DEG F 
PS I A 
LBS /HR 
LBS /HR 
l.BS 

44 



Q CGNDENSR 

■*# 

44 

TCS TANK 

44 



DELTA P 
WASH FLOW = 

1000.0 ps i 

1000.0 L PS/HR 



LEVEL 
DELTA P 

1 000 . 0 

1000. 0 

INCHES 

PSI 


PAGE 3 
DATES 7 6 81 

T T Ml- . 1 r. 


* 

44 




TABLE 

V - DAILY OPERATIONS 

REPORT 

(PAGE 3 

of 4) 



PAG! 











DATE: 7 / 

TIME: 8 :3: 





DISTILLATION AREA DETAILED REPORT 





STRIPPER COLUMN. 





TCS COLUMN 


TOTAL 

FEED 

PISTILLATE 

BOTTOMS 


TOTAL 

FEED 

DISTILLATE 

BOTTOMS 

(LBS /HR) 

( LBS /HR ) 

(LBS/HR) 


(LBS 

/HR) 

(LBS/HR) 

(LBS/HR) 

H2 = 

J 000 . 0 

H2 = 

1000. 0 

H2 = 1000.0 


SIH4 3 

1000. 0 

SIH4- 

1 000 . 0 

S J H4 = 1000.0 

8IH4= 

1 000 . 0 

S1H4 3 

1 000 . 0 

SIH4 3 1000.0 


HP. = 

1000. 0 

HCL = 

1 000 . 0 

HCL = 1000.0 

Hf'l. = 

j 000. 0 

HCL = 

1000. 0 

HCL = 1000.0 


MCS 3 

1000. 0 

MCS = 

1000.0 

MCS - 1 000 . 0 

MCS = 

1000. 0 

MCS 3 

1000. 0 

MCS » 1000.0 


DCS = 

l 000 . 0 

DCS = 

1 000 . 0 

DCS = 10 00.0 

PCS = 

1000. 0 

DCS = 

1 000 . 0 

DCS - 1000.0 


TCS 3 

1000.0 

TCS = 

1 000 . 0 

TCS = 1000.0 

TCS = 

1 000 . 0 

TCS 3 

1000.0 

TCS = 1000.0 


STC 3 

1000. 0 

STC - 

1 000 . 0 

STC = 1000.0 

STC = 

} 000 . 0 

STC = 

1 000 . 0 

STC = 1000.0 







N? = 

1000. 0 

N2 = 

1000.0 

N2 3 1000.0 







REFLUX 

RAT= 1000.0 


PRESSURE 

= 1000.0 PSI A 


REFLUX RAT 3 1000.0 


PRESSURE 

» 1000.0 PS J A 

CONDENSER = 1000. 0 

BTU/HR 

TEMP 

= 1000.0 DEG F 


CONDENSER 3 1000.0 

BTU/HR 

TEMP 

=* 1000. 0 DEO F 

REPOTLER 3 1000.0 

BTLI/HR 

TEMP 

= 1000.0 PEG F 


REBOILER 3 1000.0 

BTU/HR 

TFMP 

- 1000.0 DEG F 

SEPARATION 3 1000.0 


TEMP 

3 1000.0 DEG F 


SEPARAT I ON-* 1 000 . 0 


TEMP 

* t 000.0 DEO F 




DCS COU. 

JMN 

** 





SIH4 COLUMN 


TOTAL 

FEED 


DISTILLATE 

BOTTOMS 


TOTAL 

FEED 


DISTILLATE 

BOTTOMS 

(LBS/HR) 


(LBS/HR) 

(LBS/HR) 


(LBS/HR) 


(LBS/HR) 

(l.BS/HR) 

SIH4= 

1000.0 


SIH4= 

1000. 0 

STH4 3 1000.0 


SIH4 = 

1000.0 


S!H4= 

1 000 . 0 

SIH4= t 000.0 

HCL = 

1000. 0 


HCL = 

1000.0 

HCL 3 1000.0 


HCL = 

1000. 0 


HCL = 

1000. 0 

HCL 3 1000.0 

MCS = 

1000.0 


MCS = 

1000. 0 

MCS = 1000.0 


MCS « 

1000. 0 


MCS « 

1 000. 0 

MCS = 1 000 . 0 

DCS = 

1000. 0 


DCS 3 

1000. 0 

DCS 3 1000.0 


DCS 3 

1000. 0 


DCS = 

1000. 0 

DCS 3 1000.0 

TCS = 

1000.0 


TCS 3 

1000. 0 

TCS = 1000.0 


TCS = 

1000. 0 


TCS = 

1000. 0 

TCS 3 1000.0 

STC = 

1000. o 


STC = 

1000.0 

STC = 1000.0 


STC 3 

J 000.0 


STC 3 

1000.0 

STC = 1000.0 

REFLUX 

RAT 3 

1000. 0 


PRESSURE 

3 1000.0 PCI A 


REFLUX 

RAT = 

1000. 0 


PRESSURE 

=* 1000.0 PSJ. A 

CON DEN 

SFR = 

1000. 0 

BTU/HR 

TEMP 

= 1000.0 DEG F 


CONDEN 

SER 3 

1000. 0 

BTU/HR 

TFMP 

= .1000.0 DFG 1 

REBOILER 3 

1000. 0 

BTU/HR 

TEMP 

3 1000.0 DFO F 


REBOILER 3 

1000.0 

BTU/HR 

TEMP 

= 1000. 0 DEC f 

SEPARATION 3 

1000.0 


TFMP 

3 1000.0 DEG F 


SEPARATION 3 

1 000. 0 


TEMP 

= 1000.0 DEG ! 


*#■ 


TCS REDISTRIBUTION REACTOR 




DCS REDISTRIBUTION REACTOR 


LBS/HR 

IN 

l.BS/HR 

OUT 

LBS/HR 

IN 

LBS /HR 

OUT 

SIH4= 

1000. 0 

S TH4~ 

1000.0 

STH4= 

1 000 . 0 

SIH4= 

1000. 0 

HCL 3 

J 000.0 

HCL = 

1000.0 

HCL 3 

1 000. 0 

HCL *= 

J 000 . 0 

MCS 3 

1000. 0 

MCS - 

1000.0 

MCS 3 

1 000 . 0 

MCS = 

1000. 0 

DCS 3 

1000. 0 

DCS = 

1000.0 

DCS 3 

1000. 0 

DCS - 

1 000 . 0 

TCS 3 

l 000 . 0 

TCS « 

1000.0 

TCS 3 

1 000 . 0 

TCS = 

1000. 0 

STC 3 

1000.0 

STC = 

1000.0 

STC = 

1000.0 

STC = 

1000.0 

TOTAL 

3 1 000 . 0 

LBS /HR 


TOTAL 

= 1 000 . 0 

LBS /HR 


TEMP 

3 1000.0 

DEG F 


TEMP 

3 1 000 . 0 

DEG F 


PRESSURE = t 000.0 

PS I A 


PRESSURE 3 1000.0 

PSIA 


CL.: H 

= 1000. 0 



CL : H 

= 1000.0 



CONV/ER 

-.ION- 1000.0 

LBS 


CONVER 

B 1 0N= 1 000 . 0 

LBS 





PAGE 4 

"7 A, Ol 


hatf? 


■* 

TABLE V 

- DAILY OPERATIONS REPORT (PAGE 4 of 4) 

PAGF 4 




DATE: 7 6 81 




TIME: 8 88 18 



PYROLYSIS/MELTING DETAILED REPORT 



** 

REALTOR 


** 


MELTERS 





LBS IN 

LBS 

OUT 

LBS 

ttl 



I..BS 

tt2 




SIH4= 1000.0 

SIH4 

= 1000.0 

SI 

= 1000 

0 


SI 

* 1000.0 





H2 

= 1000.0 











SI 

= 1000.0 










TEMP = 1000.0 

PEG F 


TEMP 

#1 » 

1000. 0 

DEG F 

TFMP 

tt? = 

1 000 . 0 

PEG F 


PRESSURE = 1000.0 

PS I A 


PRESSURE 

ttl = 

1 000 . 0 

PS I A 

PRESS 

URE #2 « 

1000. 0 

PS t A 


ELECTRICAL= 1000.0 

KW 


FLECTRICA! 

Lttl ~ 

1000. 0 

KW 

ELECTR JCALW2 = 

1000 . 0 

KW 


ARGON = 1000.0 

ACF 


ARGON 

ttl = 

1000.0 

ACF 

ARGON 

tt'2 « 

1000.0 

ACF 













»**• 















WASTF. TREATMENT AREA DETAILED 

REPORT 












WASTE BURNER 

ttl 

**• 



WASTE BURNER #2 

4* 



THROUGHPUT* 

1000.0 LBS 




THROUGHPUT* 

1000.0 

LBS 




TEMP 

1000.0 DEG 

F 



TEMP 

1000. 0 

DEG F 




COMB AIR = 

1000.0 ACF 




COMB AIR = 

1000.0 

ACF 




NAT GAS 

1000.0 ACF 




NAT GAS = 

1000.0 

ACF 




WASTF BURNER 

tt3 

** 



LIGUID 

BURNER 

** 

vo 


THROUGHPUT® 

1000.0 LBS 




THROUGHPUT* 

1000. 0 

LBS 


Ln 


TEMP 

1000.0 PFG 

F 



TEMP 

1 000 . 0 

DEG F 




COMB AIR = 

1000.0 ACF 




COMB AIR = 

1000. 0 

ACF 




NAT GAS 

1000.0 ACF 




NAT GAS 

1 000. 0 

ACF 




• Remove all bricks, railroad ties, tires, oil drums, con- 
crete, metal sheets, pipes, shrubs and trees within the 
property fence and place in existing oil pond east of 
fence line. 

• Strip the 0-12 inches of top soil and grub any root 
systems within the outer shoulder of the roadway loop 
and place in oil pond. 

• Grade site as indicated on drawings. Place excess 
material in existing oil pond and rough grade. 

• Strip roadway and parking areas a minimum of 9 inches 
and proof-roll. Back-fill with a minimum of 9 inches 

of granular base, as specified, and compact to a minimum 
of 95% of maximum dry density. 

• Clean and clear existing boundary fence and repair as 
required . 

• Install permanent and temporary fencing and three new 
gates. 

• Install roadway guardrail. 

• Install three permanent construction monuments as located 
on drawings. 

1.1 .4.2 Civil Design, Specifications and Materials 
and 

1.1. 4. 3 Civil Drawing 


This activity included preparation of specifications and material 
requirements necessary for constructing foundations, shelters, pipe racks, 
structures, drainage ditches, underground utilities, and fire-water systems. 

The civil installation design package included the following EPSDU 
installation items: 

• General Plot Plan 

• Site Preparation (Reference) 
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• Foundation/Caisson Location 

• Equipment Foundations Details 

• Structure Foundation Details 

• Underground Piping and Utilities 

• Underground Tankage and Basins 

• Switchgear/Control Room Framing 

• Melter Building Framing 

• Gantry Structure Framing 

The civil contract was awarded to the Edward Gray Corporation. 

1.1.4 4 Mechanical Design, Specifications and Materials 

and 

1.1.4 5 Mechanical Drawings 

These work items related to specifying the design requirements 
of the EPSDU and the preparation of drawings and specifications leading to 
a mechanical design package to be used for obtaining contractor bids for 
assembly of the mechanical items. The mechanical bid package for the silane 
section of the EPSDU contained: 

• Set of mechanical drawings (65 mechanical and 43 instru- 
mentation drawings) . 

• Field bill of materials which identifies each component 

in the EPSDU facility and indicates whether its mechanical 
installation rests with the subcontractor or UCC, Linde 
(several hundred pages) . Although many of the piping com- 
ponents are standard, it was elected to purchase some of 
these items to insure proper type or because they will re- 
quire special chlorosilane/silane cleaning at Tonawanda. 
Piping components and materials include valves, gaskets, 
filters, pressure and temperature indicators. 

• Procedural specification for cleaning silane (stringent 

, requirements) and chlorosilane (less stringent requirements) 
fabricated assemblies. 
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• Specifications for piping and insulation for both the 
process and utility lines. 

• Specifications for piping material for both process and 
utility lines and includes insulation, painting, and 
location of liquid drain lines. 

• Procedural specifications for pressure testing and leak 
testing of chlorosilane and silane piping. 

The bids for the EPSDU mechanical work were received and evalu- 
ated. A contract was not awarded since the EPSDU funding for construction 
was cut. Final drawing and specification changes were made and the mechan- 
ical installation package was marked "For Construction/Hold". 

1.1. 4. 6 Electrical Design, Specification and Materials 
and 

1.1.4. 7 Electrical Drawings 

Electrical installation drawings were completed showing the loca- 
tion of underground conduit, yard lighting poles, and underground grounding 
cables. These drawings represent the initial electrical work, in addition 
to the power feeder, which was completed as part of the civil package. 

An EPSDU site drawing that identifies all lighting requirements 
was prepared. In addition to the perimeter light standards and fixtures, 
lights will be mounted on the top corners of the gantry structure and the 
melter building to illuminate the central areas of the site. Lighting plans 
were developed for the interior of the gantry, melter building, and con- 
trol room building. 

Locating and labeling of all electrical process control instru- 
ments and devices on drawings proved to be an involved task due to the 
extensive process control/data collection system designed and specified for 
EPSDU. The location of each locally-mounted instrument was identified; 
cable-tray and conduit locations were identified and detailed drawings 
developed. 
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The bids for the EPSDU electrical work were received and evaluated 
A contract was not awarded since the EPSDU funding for construction was cut. 
Final drawing and specification changes were completed and the electrical in- 
stallation package was marked "For Construction/Hold". 

1.1.5 COST ESTIMATING 

1. 1. & 1 Facility Cost Estimate 

A detailed cost estimate was prepared for the EPSDU facility de- 
sign, construction, and checkout. The costs were based on information gen- 
erated during the engineering design and equipment specification activities 
of Phase II. The cost estimate was incorporated into the baseline budget 
and the performance measurements system (PMS) document. 

1. 1. £L 2 Engineering Design Support 

A "first-round" cost improvement review was conducted in April 
1980 to identify the cost impact of various facility design changes which 
occured since "fixing" the design in December 1979. Cost reductions in the 
following areas were identified: 

• M-G Silicon Storage/Preparation Conveyor - Hopper building 
eliminated plus conveyor system added. 

« Hydrogenation Reactor - Redesigned to smaller size. 

• Silane Column - Redesigned from tray column to smaller 
packed column. 

• Gantry Structure - Reduced from five to three levels due 
to smaller silane column. 

• Dryout System - Heater and piping added for initial "dryout" 
system (cost increase) . 

• Waste Treatment System - Waste neutralized and sent to 
sewer versus converting wastes to muriatic acid. 
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• Spill Collection - System redesigned to use underground 
pipe versus concrete troughs with grading. 

• Instrumentation - Process control instrumentation re- 
estimated based on current P§I. 

• Electrical Power Supply - Primary power from NIPSCO 
versus Linde facility. 

1.1.6 PYROLYSIS/MELTING SYSTEM DESIGN 


This task consisted of preparing an integrated design package 
for the pyrolysis/melting system sized for the EPSDU pilot plant. Informa- 
tion generated from the PDU free-space reactor experiments and the shotter/ 
melter experimental work by Kayex (performed under a subcontract to Union 
Carbide) served as the basis for the resultant design. 


Free-Space Reactor Hopper Desif 


The previously specified free-space reactor design was modified 
to incorporate new design features as follows: 


• Replacement of the safety valve with a bursting disk. 

• The vacuum line to the hopper was relocated to prevent 
plugging with powder. 

• Mounting lugs replaced with flat pads. 

• Power level detectors were added to the silicon powder 
hopper design. 

• The powder transfer line from the hopper was respecified 
to use internal polished stainless steel tubing. 

• The agitator shaft which contains breaker bars to prevent 
powder bridging has been relocated at a much lower level 
in the cone section of the hopper. 
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• To provide better aeration to the cone section, the porous 
cone was removed and replaced with a 24" diameter flat 
porous plate. This was done on the recommendation of per- 
sonnel from the Polyolefins Division of UCC. 

• A major modification was made in the design of the support 
and seal for the quartz liner in the free-space reactor. 

The previous design for the seal of the quartz liner to 
the metal reactor consisted of a 3/8" thick Grafoil ring 
shich would move about 1-1/2" when the reactor heats up to 
about 980°C. Because of this large movement and also that 
the Grafoil ring is friable, this design will not result 
in a reliable seal. The new design uses a sliding metal- 
to-metal contact and a metal bellows to provide a seal. 

Melter Hopper and Excess Powder Hopper Design 

The melter hopper is designed to receive powder transferred from 
the silicon powder hopper and provide storage of powder for the melting oper- 
ation. When the silicon powder is not to be made into shot, the powder will 
transfer into the excess powder hopper where it will ultimately be disposed 
of by placing into 55 gallon drums. 

Vessel Support Structure 

A steel structure is necessary to support the free-space reactor/ 
hopper, the melter/shotting system and the required vessels and material that 
are essential to the consolidation of silane into solid silicon. The struc- 
ture envelope is 12 feet wide by 28 feet long and 31 feet high at the free- 
space reactor section, and 46 feet high in the melter/shotter section. 

PS I Diagrams 


Process and instrument diagrams were developed for the complete 
system. A PSI diagram is included for a fluid bed system which functions as 
a cushion to collect the shot falling from the melter. 
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Drawings 


A drawing package of the complete system was generated and will 
serve as a basis for constructing and installing a suitable system in the 
EPSDU facility. 


102 



1.2 


EQUIPMENT FABRICATION/DELIVERY 


This report item included all in-house and outside activity- 
associated with fabrication, delivery, and vendor coordination for all 
items of equipment. The report item was divided into the following tasks: 


1 . 2.1 

1 . 2.2 

1.2.3 

1.2.4 

1.2.5 

1 . 2.6 

1.2.7 

1 . 2.8 


Process Control and Data Collection System 

Electrical Power System 

Process Equipment, Linde Designed 

Process Equipment, Vendor Designed 

Auxiliary Equipment 

Support Equipment 

Melting Equipment 

Procurement Support 


Each task is described and pertinent comments are made. It is 
assumed that the reader has each quarterly report available if he wishes to 
check monthly progress through the reporting period. A list of major 
equipment items purchased for the EPSDU facility has been developed to 
indicate tag number, component description, bill of material or specifica- 
tion number, and purchase order. This listing is included as Appendix A. 
Photographs of major equipment items and a report on condition received 
were recorded in an Inspection Log. 


1.2.1 PROCESS CONTROL AND DATA COLLECTION SYSTEM 

This task includes the purchase of field instruments and controls, 
panels and panel instruments and data collection system. Approximately 150 
purchase orders were issued (for 1300 items) . 

1.2.2 ELECTRICAL POWER SYSTEM 


Included in this task is the purchase of the power supply, power 
control center and other power system equipment. 
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1.2.3 


PROCESS EQUIPMENT 


LINDE DESIGNED 


Four distillation columns were fabricated at UCC and seven rea- 
tors were fabricated by vendors. 

1.2.4 PROCESS EQUIPMENT - VENDOR DESIGNED 

This task included the effort required for the fabrication, de- 
livery and acceptance of compressors, pumps, heat exchangers, tanks, solids 
handling equipment, waste treatment equipment and other process equipment. 

A total of 41 purchase orders were issued (74 items) . 

1.2.5 AUXILIARY EQUIPMENT 

Auxiliary equipment included the therminol heater, refrigeration 
unit, gas storage tanks and other associated equipment. 

1.2.6 SUPPORT EQUIPMENT 

Support equipment was classified as the items associated with the 

purchase and fitting out of the quality control (Q.C.) trailer. 

1.2.7 PROCUREMENT SUPPORT 

This task includes the Procurement Department effort necessary to 
initiate, monitor and control the purchase of equipment. It also includes 
work associated with cleaning specialty items to strict standards, since the 
component suppliers cannot meet the specifications. 


Approximately 600 items were cleaned to meet the chlorosilane 
service specification and an additional 150 items were cleaned to meet 
electronic-grade silane specifications. The cleaning took place at the Linde 
laboratories and the parts were packaged and shipped to the EPSDU site. 
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Shop visits were made to selected vendors to inspect major equip- 
ment items during fabrication to ensure conformance to specifications. A 
materials receiving log was maintained at the EPSDU site which gave details 
of equipment received, date of receipt and storage location on the site. 
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1.3 


INSTALLATION AND CHECKOUT 


This report item included all efforts associated with the award 
of subcontracts, monitoring subcontractor work and performance. 

Initially a contract was awarded to Dames and Moore, Chicago, to 
make soil borings and soil analysis at the EPSDU East Chicago site. The site 
preparation was completed in August 1980 and included rough grading, fencing, 
parking lot and roadways. The site was adjacent to the Linde, East Chicago 
Gas Plant and the necessary gas supply could be easily tied-in. During 
early September, 1980, an installation contract was awarded to Edward Gray 
Corporation, Chicago, for all civil, structural, and underground utility 
work at EPSDU. (They submitted the lowest of six bids) . The contractor 
moved on-site and began foundation work in late September. The operations 
personnel at East Chicago supervised the site preparation work and a construc- 
tion superintendent (UCC employee) supervised the civil installation work. 

All equipment and building foundations and all steel for the 
gantry was completed in the last quarter of 1980. The balance of the contrac- 
tual work (Pyrolysis/Consolidation, Control and Waste Treatment buildings) was 
completed in the following quarter. Delivery of major equipment items began 
in the first quarter of 1981 and was complete in the second quarter. Off- 
loading, rigging, and setting equipment was effectively carried out by the 
Linde in-house maintenance contractor. 

Purchase order for items better purchased by UCC than the con- 
tractor to ensure timely delivery and proper type (approximately 1900 special 
items or long lead quantity items) were issued. Figure 3.1, EPSDU Site, is a 
photograph of the site taken in March 1981 and shows construction progress. 

The on-site construction superintendent was supported by a clerk on a part- 
time basis whose responsibility was to maintain a "material receiving log" 
shown elsewhere in this report. Items with costs in excess of $1,000 were 
identified by government tags. 

Figures 3.2 through 3.7 show equipment received at the site during 
April 1981 and were awaiting installation on their respective foundations and 
supports . 
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FIGURE 3.1 EPS DU Site 




FIGURE 3.2 

Refrigeration Skid 
Equip. No. 469-12 


FIGURE 3.3 

Dichlorosilane Columi 
Equip. No. 432-06 


FIGURE 3.4 

Trichlorosi 1 ane Col 
Equip. No. 432-04 




FIGURE 3.5 

Silane Storage Tanks 



F I CURE 3 . 6 

(1) Caustic Tank 

(2) Si 1 i con let. rach 1 or i de 
Tank 

(3) Tri chi oros.il an e Tank 


FIGURE 3.7 

Super Heater 
and 

fherminol Furnace 
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Subcontract bids were solicited from qualified companies to con- 
tinue with the mechanical and electrical installation. The bids were within 
the expected allocations; however, none of these were awarded due to con- 
tract funding recisions. 
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1.4 


OPERATION 


The original intent of this work item was to cover all necessary 
activities to start-up and operate the EPSDU facility and demonstrate opera- 
bility, produce representative product samples. The performance data would 
be used to scale-up the equipment and system design to a commercial facility 
size and finally make an economic assessment for the production of silicon. 
Table I shows the originally proposed report item broken down by task and 
work item. 


The program delay has obviously delayed the operation phase of 
the program, however, activity had started in 1.4.1, Preparation. This in- 
cludes the writing of the Operating Manual and inspection of equipment re- 
ceived at the EPSDU site. 

The Operating Manual has the following structure: 

Volume I. SAFETY 

1.1 Chemical Safety 

1.1.1 Chlorosilane and Silane Handling and 
Associated Hazards 

1.1.2 Chlorosilane Spill Control and Fire 
Prevention 

1.1.3 Handling of Acid and Solvent Cleaners 

1.1.4 Handling of Caustic Soda 

1.1.5 Handling of Waste Process Acids 

1.1.6 Handling of Free-space Silicon Powder 

1.1.7 Handling of Other Plant Chemicals 

1.1.8 Handling of Laboratory Chemicals 

1.2 Plant Safety 

1.2.1 Emergency Tactics £ Firefighting 

1.2.2 Equipment Purging 

1.2.3 Protective Clothing 

1.2.4 Area Isolation § Plant Emergency Trips 

Volume II: DESCRIPTION 

2.1 Basic Process Chemistry 

2.1.1 Hydrogenation of Silicon Tetrachloride 


111 


2.1.2 Redistribution Reactions 

2.1.3 Silane Decomposition 

2.1.4 Chlorosilane Waste Combustion 

2.1.5 Waste Neutralization 

2.2 Process Description 

2.2.1 Hydrogen at i on 

2.2.2 Distillation/Redistribution 

2.2.3 Silicon Consolidation 

2.2.4 Waste Disposal 

2.2.5 EPSDU Stream Catalog 

2.3 Equipment Description 

2.3.1 Process Equipment 

2.3.2 Instrumentation Equipment 

2.3.3 Data Collection § Laboratory Equipment 

2.3.4 Yard Equipment 

Volume III: OPERATION 

3.1 Dryout/Preconditioning 

3.1.1 Criteria 

3.1.2 Equipment 

3.1.3 Methods 

3.1.4 Order of Dryout 

3.2 Startup 

3.2.1 Yard 

3.2.2 Waste Treatment 

3.2.3 Hydrogenation 

3.2.4 Redistribution 

3.2.5 Consolidation 

3.3 Normal Operation 

3.3.1 Yard 

3.3.2 Waste Treatment 

3.3.3 Hydrogenation 

3.3.4 Redistribution 

3.3.5 Consolidation 
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3.4 Shutdown 

3.4.1 Yard 

3.4.2 Waste Treatment 

3.4.3 Hydrogenation 

3.4.4 Redistribution 

3.4.5 Consolidation 

3.5 Emergency 

3.5.1 Gantry Pad 

3.5.2 Pump § Compressor Pads 

3.5.3 Fired Heater Pads 

3.5.4 Chlorosilane Storage Pad 

3.5.5 Silane Storage Pad 

3.5.6 Consolidation Building 

3.5.7 Yard 

3.6 Reference Drawings 

3.6.1 P$I 

3.6.2 Logic Diagram 

3.6.3 Wiring Schematic 

VOLUME IV: MAINTENANCE 

4.1 High Maintenance Items 

4.2 Purging Provisions 

4.3 Cleaning Requirements § Methods 

4.4 Vendor Reference File (By Equipment Number) 

VOLUME V: TEST PLAN 

5.1 Data Collection 

5.1.1 Collection Schedules 

5.1.2 Reduction of Data 

5.2 Operating Procedures 

5.2.1 Off-line Entries 

5.2.2 Use of Plotter 

5.2.3 Available Pre-programmed Routines 

5.2.4 Environment Control 
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5.3 Records 

5.3.1 Log Book 

5.3.2 Daily Report Generation 

5.3.3 Disc Files 

VOLUME VI: QUALITY CONTROL LABORATORY 

6.1 Lab Safety Procedures 

6.2 Analytical Procedures 

6.3 Disposal of Lab Wastes 

6.4 Equipment Operation 

6.5 Maintenance 

6.6 Records 

Equipment Inspection 

Major equipment items received at the EPSDU site were inspected 
by the EPSDU plant manager and by responsible process engineers. Although 
a specific inspection log was not maintained, a synopsis of the plant 
manager's notes and internal memorada was assembled and issued. 


This serves as a deliverable "C" - equipment inspection and test 
report summary and is not included in this report. It should be noted that 
a detailed material receiving log has been maintained of equipment received 
at the site; this has been included with each monthly progress report. The 
log specifies purchase order number, a description, storage location, and 
tag number. 
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1.5 


COMMERCIAL PROCESS ECONOMIC ANALYSIS 


This report item was originally planned to develop process en- 
gineering, design and cost estimate and subsequently prepare a detailed base- 
line investment, operating cost and final product cost for a 100 MT/Year 
commercial facility. This was based on the current EPSDU engineering design 
information, and modifications based on supporting R8D information and EPSDU 
operation were planned. 

The work item was discontinued in 1980, at which stage the pro- 
cess design had progressed to the point of issuing a detailed document titled, 
"Process Functional Design Package for a 1000 MT/YR Commercial Polycrystal- 
line Solar Silicon Plant". The package includes a process description, 
process flow diagram, heat and mass balance, rough plant layout, process 
functional specifications, and a list of design bases and assumptions. 

The following sections present a brief summary of the process de- 
sign package with a discussion of the features that are different from the EPSDU. 
The expanded design package is included as Appendix B, however the Process 
Equipment Functional Specifications (approximately 160 pages) have not been 
included. 


Commercial Process (Summary) 

The process proposed for preparing semiconductor-grade silicon 
from metallurgical-grade silicon is based on a well integrated arrangement of 
purification steps that provide a cost-effective process system. The three 
basic steps entail converting metallurgical-grade silicon to trichlorosilane, 
redistribution of trichlorosilane to produce silane, and thermally decomposing 
the silane to form polycrystalline silicon powder. The powder is then melted 
and consolidated in a shotting apparatus to yield polycrystalline silicon 
shot of a nominal 2 mm size. 

Raw materials for the process consist of metallurgical-grade 
silicon (98% pure) and copper catalyst. Hydrogen and silicon tetrachloride 
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must be added to replace the hydrogen and chlorine lost from recycle loops in 
the form of process wastes. The wastes to be disposed of include gaseous 
light impurities and heavy impurities composed of metal chlorides. Except 
for the raw material feed, waste disposal, and silicon-product streams, the 
entire process — hydrogenation, distillation, redistribution, and separation 
is a closed-loop system in which purification is accomplished in each major 
step as process fluids are being recycled through the equipment. The process 
is shown in block-diagram form on Figure 5.1. The major steps are summarized 
in the following paragraphs. 

M-G silicon and cement-copper catalyst are batch-fed to the hydro- 
generation reactor which also receives the hydrogen and silicon tetrachloride 
recycle streams. The silicon is consumed to make trichlorosilane in an 
equilibrium reaction: 

Cu 

Si + 2H 2 + 3SiCl 4 Z 4HSiCl 3 

Metallic impurities in the silicon are converted to chlorides. Hot off-gases 
are quenched to their dew points to reject metal-chloride impurities, and 
then are condensed to ambient temperature. The non- condensible gases, pre- 
dominantly hydrogen, are reheated and recycled to the reactor. 

The condensed crude trichlorosilane, containing about 20% tri- 
chlorosilane, 80% silicon tetrachloride and some dissolved gases, is fed to 
the first of four distillation columns. In this column, gaseous light im- 
purities are removed to the parts-per-billion level. In the second column, 
the bulk of the silicon tetrachloride is separated from other chlorosilanes 
and then is heated and recycled to the hydrogenation reactor. The other 
chlorosilanes from the second column are fed to the third column where tri- 
chlorosilane is separated from dichlorosilane. 

The trichlorosilane bottoms product from the third column is re- 
distributed to dichlorosilane and silicon tetrachloride in an equilibrium 
reaction using an amine-based resin catalyst: 

2HsiCl _ Z H_SiCl_ + SiCl,, 

3 2 2 4 
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FIGURE 5.1 Silane-Silicon Process - Block Flow Diagram 
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The redistribution products are recycled to the second column for separation. 


The dichlorosilane distillate from the third column is redistri- 


buted to 

silane, monochlorosilane. 

trichlorosilane, and silicon tetrachloride 

in three 

reactions : 





2H 3 SiCl + 

H 2 SiCl 2 

+ 

SiH. 

4 


2H 2 SiCl 2 * 

HSiCl 3 

+ 

H 3 SiCl 


2HSiCl 3 t 

H 2 SiCl 2 

+ 

SiCl . 

4 


The redistribution products are then fed to the fourth column for separation. 

In the fourth column, silane is separated from the other process 
compounds which are returned to the third column. Gases lighter than dichloro- 
silane, including diborane, are removed in the first column, and gases 
heavier than silane, including diborane, are removed in the fourth column; 
any remaining traces of diborane which is closest in boiling point to silane, 
are removed to less than parts-per-billion levels in the fourth column. The 
silane is collected, tested for purity and vaporized to ambient temperature 
before being pyrolyzed. 

In the pyrolysis reactor, the silane is expanded in a nozzle, 
heated, and irreversibly decomposed into silicon powder and hydrogen accord- 
ing to: 


SiH 4 + Si (s) + 2H 2 

The hydrogen by-product is removed from the fine silicon powder and recycled 
to the hydrogenation section. The silicon powder is continuously fed into 
a heated quartz crucible where it is melted. The molten silicon is then 
dropped in a shotting apparatus to yield a nominal 2 mm spheroid and cooled 
to near ambient temperature before being removed as the final product of the 
process. 
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The gaseous and liquid process wastes are gathered in headers 
and processed for disposal. Wastes are thermally oxidized in a burner and 
then are scrubbed free of silica and hydrogen chloride. The waste by- 
products are scrubbed exhaust gas, silica powder, and muriatic acid. 

Process Differences 


There are four areas which are different from the EPSDU facility 
design. These are the quench condenser, the DCS distillation column, waste 
treatment and pyrolysis/consolidation. The differences and reasons for 
these differences are discussed below: 

• Quench Condenser: The quench condenser is the heat exchanger 

in the hydrogenation section used to quench the hot off- 
gases. It will be used as a source of medium-level heat 
recovery. The liquid silicon tetrachloride, which is re- 
turned from the second distillation column to a storage tank, 
is used as the heat sink before being recycled into the hydro- 
genation reactor. Heat recovery will be accomplished by 
changing the quench condenser from a single counter- current 
heat exchanger to a double shell counter- current heat ex- 
changer. (Functionally, two close-coupled heat exchangers 
with the tube bundles in series.) The first shell will cool 
the hydrogenation gases (STC, TCS and H2) from the hydrogen- 
ation reactor against the silicon tetrachloride (STC) feed 
to the vaporizer. The STC feed will exit the first shell as 
a pre-heated liquid at 340°F and be fed into the vaporizer. 

The hydrogenation gases will be quenched to 320°F in the 
first shell of the exchanger. This stream will then be 
quenched to 100°F in the second shell using cooling water 
as the heat sink. The heat recovery will be about 1.9 million 
BTU/Hr. The heat recovered goes directly into preheating the 
STC before the vaporizer. This will reduce the vaporizer 
duty since a significant portion of its duty is used to pre- 
heat the STC. 
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• Dichlorosilane Column : The functional design of the third 

distillation column (DCS column) which separates trichloro- 
silane has also been altered from the design used in EPSDU. 

The DCS column will operate at 175 psia rather than the 
320 psia operating pressure specified for EPSDU. This will 
result in an easier separation (fewer trays) , a lower design 
temperature, and consequently, a lower capital cost. 

• Waste Treatment : The waste treatment area of the commercial 

facility will produce 20% muriatic acid as a by-product. 

The design of this area will revert to the original design 
of the EPSDU waste treatment. The acidic waste water from 
EPSDU will be neutralized before being released to the 
sewer. This approach was used for EPSDU because it was 
economically impractical to produce muriatic acid. How- 
ever, the commercial economics indicate that the production 
of muriatic acid as a by-product, is a cost-effective means 
of waste disposal, and it also reduces the environmental 
load of the plant. 

• Pyrolysis Consolidation : The conceptual design of the 

pyrolysis/consolidation area will remain essentially the 
same as EPSDU. However, an effort was made in the commercial 
functional package to specify all components of this section 
of the facility, including those not yet specified in the 
EPSDU design. This was done so that the cost estimate will 
reasonably reflect a silicon-shot product instead of a 
molten product. The functional specifications are based on 
in-hand knowledge and various assumptions about the success 
of the free- space reactor and me Iter R§D programs. There 
will be six pyrolysis reactors which will perform functionally 
as previously described. The silicon powder from all six of 
the reactor hoppers is transported pneumatically into a central 
bin. This bin feeds twelve melter assemblies by dense-phase 
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pneumatic transport. The melter assemblies consist of a 
powder receiving bin, a powder screw feeder, a crucible/ 
furnace melting unit and a shotting tower. The receiving 
bin, screw feeder, and crucible/ furnace unit, receive the 
powder, melt it, and form silicon shot through an orifice 

in the bottom of the crucible. The shot cools as it falls 

through the shotting tower and is caught in a product hopper 
in the bottom of the tower. The shot from all of the melters 

is then transported, using a drag conveyor, to a central 

bin from which the silicon-shot product is packed into drums. 

The major process equipment not included in the four areas 
noted above will remain functionally the same as the equip- 
ment designed for EPSDU. 
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1.6 


PROCESS SUPPORT R&D 


The supporting R&D program is separate from the mainstream design 
effort and includes all activities associated with: 

• Analytical and experimental development of the free-space 
reactor (FSR) . 

• Design and development of a melting/consolidation system. 

• Fluid-bed reactor (FBR) development. 

• Quality control techniques and procedures. 

Information generated in this program was used for the EPSDU program and the 
commercial facility economic analysis. 

1.6.1 FREE-SPACE REACTOR DEVELOPMENT 

Program Objective 

Construction and operation of the Tonawanda free-space reactor 
PDU had two explicit objectives: to demonstrate that a free-space reactor 

can operate reliably for extended periods, and to investigate the silicon 
product powder purity. Achieving these objectives would confirm the via- 
bility of the free-space reactor concept for EPSDU while providing a rational 
basis for scale-up of the actual EPSDU reactor. 

Introduction 


Free-space silane pyrolysis technology has been advanced signi- 
ficantly as a result of the JPL-sponsored development effort at Union Car- 
bide. This activity builds on earlier UCC-funded work involving the construc- 
tion, operation, and testing of a Free-Space Reactor Process Development 
Unit (FSR PDU) . The testing at the Parma Technical Center demonstrated the 
feasibility of producing semiconductor-grade polycrystalline silicon by 
pyrolyzing high purity silane. 
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A similar reactor with improved modifications was developed and 
tested at UCC Tonawanda facility. A series of 19 test runs were made which 
confirmed that the free-space reactor is viable and an acceptable grade of 
silicon powder can be obtained. 

Conclusions 


The experimental work resulted in the following conclusions which 
influenced the design of the EPSDU Free-Space Reactor. 

It was demonstrated that the occurence of hard silicon deposits 
on the reactor wall (observed during early runs) could be eliminated by main- 
taining the peak reaction zone temperature (12 inches below the head) between 
830° and 900°C. This was achieved by utilizing an induction heater coil with 
variable pitch windings (close pitch at each end and wider pitch at the center) . 
The conversion of silane was in excess of 99.99%. Average powder particle 

3 

size and bulk density range were found to be 0.34 ym and 2.3 to 8.6 lb/ft 
respectively. 

New improved mechanical features - scraper seal, quartz liner 
support system and powder transport system - demonstrated operational feasi- 
bility and durability. All of these features were used in the design of the 
EPSDU FSR. 


Powder purity was not conclusively demonstrated due to the inade- 
quacy of the sample preparation and analytical techniques used (Atomic Adsorp- 
tion and Inductively Coupled Plasma Emission Spectroscopy) . However, a poly- 
silicon boule pulled from melted FSR powder was shown to have 55 cm P-type 
resistivity. 


In summary, the test program was very successful and provided a 
firm basis and understanding to confidently scale-up the EPSDU design. 

The development work carried out on free-space pyrolysis showed 
it to be a viable technique for decomposing silane. It can be carried out in 
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a compact, high-throughput reactor capable of producing high -purity silicon 
powder. However, this powder requires a further processing step of consoli- 
dation to enable handling with minimum contamination. 


1.6. 1.1 PDU Experiments 

Free-Space Reactor Design and Assembly 

A free-space reactor PDU was designed and installed in an explosion- 
proof test facility in our Tonawanda laboratories. Initial improvement over 
the previous PDU at Parma included: 

• Free-Space Reactor Shell - The shell, shipped from Parma, 
was made from Monel and was substantially de-alloyed, es- 
pecially in a 1-foot section of the hot zone. Flakes of 
zinc had accumulated on the outside of the reactor cylinder 
and the wall was less than half of the original thickness. 

A new reactor shell was fabricated from Incoloy 800 since 
this alloy is metallurgically much better suited for this 
application. 

• Silicon Hopper - A large hopper was designed and fabricated 
to hold a 2%-day inventory of silicon powder. 

• Reactor Head Flange - The top head assembly for the pyrolysis 
reactor was redesigned to incorporate a remote controlled 
actuator for a mechanical scraper. A small feeder cone was 
also designed for the bottom of the silicon product hopper 

to faciliate withdrawing powder by adding fluidization gas. 

• Induction Power Supply - New capacitors were installed in the 
induction heating power supply to replace the previous PCB- 
filled units which are environmentally unacceptable. 

Figures 6.1 and 6.2 show the silicon hopper design and the flow 
diagram for silane pyrolysis, respectively. The process and instrumentation 
diagram (P£ID) is shown as Figure 6.3 and identifies all required instrumenta- 
tation for control and operation of the free-space reactor. 
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The mechanical assembly of the PDU was completed in the fourth 
quarter of 1979 and system checkout was begun in the first quarter of 1980. 
Figure 6.4 through 6.7 show the free-space reactor, silicon powder hopper, 
and other pieces of equipment which comprise the Process Design Unit (PDU). 
Figure 6.8 and 6.9 show the induction heater motor generator and the control 
panel, respectively. 

Initial Testing, Experimental Runs (1 through 7) 

The seven runs made during this program are summarized in Table VI. 


The properties of the powder produced in the PDU were as follows: 
Powder bulk density proved to be sensitive to both reactor operating tempera- 
ture and throughput. The lowest density recorded was for operation at 0.56 
kg/hr and 900°C (0.076 g/cm^) and the highest was 1.95 kg/hr at 870°C 

3 

(0.27 g/cm ). Operation at higher throughputs and temperatures showed temper- 
ature to be the dominant factor as bulk density decreased. Evaluation based 
on scanning electron microscope micrographs indicated average particle dia- 
meter between 0.3 and 0.4 pm. A single B.E.T. surface-area determination 
yielded a calculated diameter of 0.9 pm. 

Powder purity was a problem during this early work. Levels of 
metallic impurities generally were in the low ppm range. The probable source 
of these impurities was the reactor wall which was exposed to the powder when 
the quartz liner broke and later when the liner was removed to avoid the oper- 
ating problems causing by liner breakage. Direct attack on the wall was ob- 
served in the reactor hot zone with Incoloy peeling off the wall in strips. 
Alloying with silicon and chloride corrosion (from chlorosilanes in the silane) 
were the probable causes. The major cause of liner breakage was the formation 
of dense, mechanically-strong silicon deposits in the upper section of the re- 
actor. These resisted passage of the scraper and either caused the liner to 
fail in tension from induced hoop stress or created sufficient drag for the 
scraper to lift the liner off of its supports and slam it against the head of 
the reactor. Computer modeling of the reactor indicated that the deposits re- 
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FIGURE 6.4 Free-Space Reactor, Top Flange Assembly- 
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FIGURE 6.5 Free-Space Reactor and Silicon Powder Hopper 
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FIGURE 6.6 Bottom Half of the Silicon Powder Hopper 
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FIGURE 6.7 Gas Cannon on the Silicon Powder Hopper 
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FIGURE 6.8 Induction Heater Motor-Generator for Free-Space PDU 
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FIGURE 6.9 Control Panel for the Free-Space PDU 
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TABLE \1 


fSR PDU RUN SUMMARIES (1 throunh 7) 


Powder 


Run No. 

Date 

Temp. 

Press. 

Flow Rate 

Duration 

Bulk 

Density 

Purity (PPM) 

Fe Ni Cr Mr 

1 

1/13/80 

900°C 

(1650°F) 

142.7kPa 
(20.7 psle) 

0.56 kq/hr 
(1.24 Ibm/hr) 

1.0 hr 

0.07£ar/cm 3 , 
(4.72 Ibm/ft 3 ) 

130 21 -- 3 

2 

3/4/80 

850°C 

(1560°F) 

142.7 KPa 
(20.7 psia) 

2.25 kg/hr 
(4.95 Ibm/hr) 

75 hrs 

0.25 an /cm 3 , 
(16.1 lDm./ft 3 ) 



3 3/21/80 


870°C 1*2.7 KPa 1.95 ko/hr 

(1600°F) (20.7 psia) (4.30 1bfr./hr) 


0.27 or 'cm 3 , 
24 hrs (16.81 t>n>/f t J ) 


0.5 


4 4/16/80 


1100°C 142.7 KPa 4.5 kn/hr 

(2010°F) (20.7 pile) (10.0 1 bir./hr ) 


0.27 <n/crr 3 , 
2.5 hrs (13.5 lbm/ft') 


4 


5 

4/18/80 

960°C 
(17 60°F ) 

142.7 

(20.7 

KPa 

psia) 

6.2 kq/hr 
(13.7 Ibm/hr) 

O.167yn/on 3 , 
1.5 hrs (10.5 lbm/ft 3 ) 

8 

3 

3 

4 

6 

4/25/80 

950,885°C 142.7 

(17 50,1625°F)(20.7 

KPa 

psia) 

4.5 kg/hr 
( 10.10 Ibm/hr) 

a 154 g/cm 3 
2.5 hrs (9.6 lbm/ft J 

2 

2 

1 

5 

7 

4/20/90 

930°C 
( 17 10°F) 

142.7 

(20.7 

KPa 

psia) 

2.7 kg/hr 
( 6.0 Ibm/hr) 

0.208 

24.S hrs (1 J.fflhn/f •’) 

13 

2 

1 

3 


Comments 


Shakelowr, run. No scraper. Reactor not 
cleaned. Regulator leaked. 


Scrap** jamed at 7.5 hrs Uner broken - 
powder e»pcsed to atmosphere 


Major milestone. System precleaned - 
01 HnO Liner Broken. Some powder exposed 
to atmosphere 


Throughput test - No liner. Thermocouple 
failure led to operation at higher than planned 
temperature. System not opened at end of run. 


Throtyhput test - No liner. No problems. 
Conversion fell off et 13.7 Ibm/hr. System 
not opened. 

Throjghput test. No liner. Systw not opened. 

24 hour run. Very smooth. Minimal temperature 
contrd .problems. T!o Liner, Major Milestone. 
Syster opened for Inspection. 


suited from the sharply non-uniform wall -temperature profile of the current 
reactor which allowed significant quantities of silane to penetrate the recir- 
culating flow zone close to the wall. The deposits formed where temperature 
and concentration conditions at the wall favored heterogeneous silicon deposi- 
tion over homogeneous reaction. 

Other impurities were introduced as a direct result of the deposits. 
After the deposits were dislodged from the reactor wall by the scraper, they 
blocked the outlet from the hopper. Consequently the powder had to be re- 
moved through the manway which permitted heavy exposure to atmosphere. The 
24-hour runs demonstrated that the PDU could operate successfully for extended 
periods at a high silane throughput and a high conversion efficiency without 
plugging or otherwise becoming inoperable. In addition, the short-term capa- 
city tests were successful in determining the maximum throughput capability 
of the PDU as currently configured. Figure 6.10 summarizes the conversion 
efficiencies obtained for all seven runs and plots these efficiencies against 
the reactor throughput. On the basis of a 98% conversion efficiency criterion, 
the PDU is capable of processing about 4.5 kg/hr (10.0 lb /hr) of silane. 


Experimental Runs (8 through 15) 

Six runs were made during the second period as summarized in 
Table VII. Installation of a new insulation blanket and repositioning of the 
induction coil increased the reactor wall temperature to 400°C in the upper 
reactor and greatly improved reactor performance. No silane was detected on 
the chromatograph during any run even with maximum wall temperatures as low 
as 870°C (Run 8). 


Before Runs 11, 12, and 13 were made, a new induction heating coil, 
which uses non-uniform coil spacing to concentrate energy in the crucial upper 
section of the reactor, was installed and wall temperature profiles much 
superior to those obtained with the previous coil were produced as shown in 
Figure 6.11. The silane injection nozzle was also moved 3.8 cm (1.5 in.) 
further down the reactor to enable the silane jet to enter into a higher tem- 
perature region. Run 11 was made at two flow rates: 1 hour at 4.3 kg/hr 
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Percent Conversion 


Run 4 



FIGURE 6.10 FSR PDU Throughput Capacity 
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TABLE VII 


FSR RUN SUMMARIES 


SILANE MAX WALL 


BULK 


RUN NO . m . E DURATION FLOW IIUPIRAIURE PRESSURE DEPOSITS DENSITY 

(hr) (kg/hr) Deg.C (Kpa) (gm/Cm 3 ) 


8 

7/ 9/80 

2.0 hrs 

2.3 kg/hr 

870°C 

138 Kpa 

No 

0.137 g/cnr 

9 

7/22/80 

2.0 hrs 

2.3 kg/hr 

940°C 

138 Kpa 

No 

0.077 g/cm 3 

10 

7/25/80 

2.25 hrs 

2.4 kg/hr 

91 5°C 

276 Kpa 

No 

0.113 g/cm 3 

11 

8/14/80 

2.0 hrs 

3.1 kg/hr 
(6.8 lb/hr) 

905°C (1) 

138 Kpa 

No 

3 

0.085 gm/cm 

12 

8/18/80 

3.1 hrs 

2.8 kg/hr 
(6.1 lb/hr) 

960°C 

138 Kpa 

No 

0.078 gm/cm 3 

13 

8/26/80 

12.0 hrs 

2.2 kg/hr 
(4.8 lb/hr) 

950°C 

1 38 Kpa 

No 

3 (2) 

0.036 gm/cm 


NOTES: (1) Run terminated when lower reactor wall temperature exceeded 1030°C . 

3 

(2) Skimmed from top of powder bed in hopper. Average density was approximately 50% higher, or 0.054 gm/cm 

(3.4 lb/ft 3 ). Average wall temperatures higher in run 13 than in run 12, although the maximum wall temperature 
was slightly lower. 


WALL TEMPERATURE 



DISTANCE BELOW REACTOR HEAD(m) 

FIGURE 6.11 FSR Temperature Profile 

Old Induction Coil Vs. New Coil 
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(9.5 lb/hr) and 43 minutes at 2.5 kg/hr (5.6 lb/hr). The run was terminated 
when the wall temperature in the lower half of the reactor exceeded 1030°C. 
Powder buildup on the wall below the scraper, combined with a high power input 
from the new coil, created this rise. Inspection of the reactor with a bore- 
scope showed no buildup of powder on the wall or injection nozzle. 


To reduce the wall temperature, the insulating blanket was removed 
from the bottom 7 inches of the reactor. Run 12 was successful at flow rates 
of 2.3 kg/hr (5.2 lb/hr) for 2.4 hours and 4.1 kg/hr (9.1 lb/hr) for 0.7 hour. 
Very little powder buildup was noticed after run completion. 

Run 13 was a 12-hour test using new, purer silane. No operational 
difficulties were encountered and this was the smoothest run made in the free- 
space reactor. One drum (19.2 lb) of powder was shipped to Kayex Corporation 
in Rochester, New York, for melting, doping, and crystal pulling. Inspection 
of the system showed no hard deposits on the reactor wall or injection nozzle, 
which indicates very clearly that hard wall deposits have been eliminated in 
the PDU. 


The successful completion of five short duration and one long-dura- 
tion runs without any evidence of hard wall-deposit formation is an extremely 
siginificant accomplishment. The design of the EPSDU reactor can now proceed 
with confidence that the free-space reactor concept is workable. 

Purity of powder from Run 11 and a sample of high quality polysil- 
icon obtained from Dow-Corning were compared using the atomic absorption 
spectroscopy method. The AA method differed from previous analyses in that 
ultra-high purity HF and high purity HNO^ were used to dissolve the silicon. 

The level of impurities found in the powder and polysilicon thus appeared to 
depend strongly upon the analytical method used. To confirm this supposition, 
samples of powder from Run 13 and a sample of Dow-Corning polysilicon were 
sent to Union Carbide's Tarrytown laboratory for analysis on an Induction- 
Coupled Plasma (ICP) spectrophotometer. The results of this analysis and of 
a conventional AA analysis made at Tonawanda are summarized in Table VIII and 
are comparable to those of earlier runs. The variation from sample to sample 
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and the high levels of impurities found in what should have been an exceedingly 
pure polysilicon chunk imply that handling or impure reagents may have been 
responsible for most of the observed impurities. X-ray diffraction analysis 
of powder from Run 13 showed that the powder has a crystalline structure. 


TABLE VIII 


ANALYSIS OF RUN 13 POWDER 


Impurities (PPM) 


Method 

Sample 

Fe 

Ni 

Cr 

Mn 

Zn 

AA* 

1 

1.0 

0.4 

0.2 

0.1 

- 


2 

13.0 

0.7 

0.4 

0.5 

- 


Polysilicon "Chunk" * 

0.75 

0.15 

0.1 

0.1 

0.15 

ICP 

3 

0.6 

<0.5 

<0.5 

0.2 

<0.3 


4 

3.0 

<0.5 

<0.5 

0.2 

<0.3 


Polysilicon "Chunk"* 

1.0 

<0.5 

<0.5 

<0.1 

0.6 


* Cr, Ni, Mn by graphite furnace AA; Fe by flame AA. 

1 Dow-Corning supplied. These levels are obviously high. 

Chunk prepared by surface etching. 

Following Run 13, a new powder-transport system was designed, fab- 
ricated, and installed in the hopper. The system is similar to the approach 
used in the blow-pot based pneumatic conveying systems. A truncated porous 
media sits in the bottom of the hopper and powder is removed through a ver- 
tical 1.5 inch pipe that exits through an unused port. 

A new reactor liner support (Figure 6.12) was also installed which 
utilizes Inconel springs and a self-centering mechanism to hold the quartz 
liner firmly against the reactor head and compensates for thermal expansion 
during operation. An inert gas purge in the annular space between the liner 
and reactor further guards against powder infiltration. This support should 
eliminate the observed problem of attack by the powder on the Incoloy wall. 
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Experimental Runs (14 through 17) 


Planned modifications to the free-space reactor PDU were completed 
and the unit was returned to operation in October 1980. Modifications in- 
cluded installation of a new vacuum line to the hopper. The vacuum pump was 
relocated to an outside shed and a 30-foot long, 2-inch diameter, copper line 
has been run to the PDU. Several instrument lines were also rerouted to 
eliminate conflicts with fluid-bed piping. Following a careful cleaning with 
deionized water, the free-space reactor was sealed; and after drying, purging, 
and leak detection, the PDU was started up on the 23rd of October, 1980. 

Three consecutive runs (Runs 14, 15, and 16), accumulating a total 
of 11 hours, were made. Run 17 (12 hours duration) was made in November 1980. 
In all cases silane conversion exceeded 99.99% (no silane could be detected 
in the effluent). In all three tests no operational problems were encountered 
Inspection of the hopper and reactor with a borescope showed the liner to be 
intact. The new powder transfer system was operating efficiently, much better 
than the older system. Following shutdown and purging, the powder was trans- 
ferred and stored under a dry nitrogen blanket to avoid air and moisture con- 
tact. 

The powder remaining in the hopper was vacuumed into drums and 
weighed. A mass balance around the PDU for runs 14 through 17 was then cal- 
culated: 



SiH 4 

Si 

Produced 

Si 

Recovered 

«2 

Produced 

h 2 

Measured 

Runs 14-17 

53.75 kg 

47.00 kg 

39.05 kg 

6.75 kg 

7.05 kg (104.4%) 

"Post Operation" 



7.81 kg 



Total 



46.86 kg 

(99.7%) 
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The silane consumption was determined by weighing the silane cylin- 
ders and the silicon and hydrogen produced were then calculated from this 
figure. The hydrogen flow was measured with a dry test meter. A systematic 
error in estimating purge flows is probable as the measured hydrogen flow ex- 
ceeded the calculated flow by approximately the same amount for each run.. 

The "post-campaign" silicon recovered is the silicon removed by vacuuming 
after the system was opened. The silicon balance is excellent and the hydro- 
gen balance acceptable. 

Analytical results for Runs 14 - 17 are summarized in Table IX. 

The results of the purity analyses are comparable with those of previous runs. 
It was very clear that standard analytical methods were not adequate for our 
purpose. Melting of the powder followed by pulling of a single crystal and 
analysis of chemical composition appeared to be the only procedure capable 
of determining the suitability of free-space reactor silicon for solar 
applications. The results of the BET tests are of interest. Although the 
two samples shown are not significantly different in particle size, they both 
differ dramatically from the powder produced in Run 3 which had a mass average 
particle size of 0.92 urn. The very large increase in temperature in the upper 
section of the reactor caused by modifications made to the PDU during Phase II 
operations is undoubtedly responsible for the dramatic decrease in particle 
size . 

TABLE IX 

FSR PDU ANALYTICAL SUMMARIES 


Run No. 

Date 

SiH 4 

Rate 

Particle'*’ 

Size 


Purity 

(PPM) 1 2 




(kg/hr) 


Ni 

Cr 

Mn 

Fe 

14 

10-23-80 

2.30 


0.9 

0.20 

0.08 

9.0 

15 

10-28-80 

2.33 

0.34 m 

0.48 

0.60 

0.25 

22.0 

16 

10-31-80 

2.29 

0.34 m 

1.4 

0.15 

0.10 

11.0 

17 

11-10-80 

2.37 


1.3 

1.0 

0.15 

13.0 

Polysilicon Control 



0.10 

0.76 

0.50 

3.3 


1 Based on BET surface area. Assumes spherical particles 

2 Atomic absorption (Fe using flame; Cr, Mn, Ni using graphite furnace) 
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Final Test Run (Number 18, Long Duration) 


The 12-hour duration run was completed on December 22, 1980 . This 
run was made using the new scraper seal and was very smooth. Peak reaction 
zone temperature was 880°C, with a silane flow of 2.4 kg/hr; again silane, con- 
version was better than 99.99%. 

Other changes made to the PDU for Run 18 were the addition of an 
extra insulation collar above the main insulating blanket and the removal of 
3 inches of insulation from the bottom of the reactor. The effect of these 
changes was to steepen the temperature gradient in the upper section of the 
reactor, flatten the temperature peaks in the mid-section of the reactor, and 
start the sharp drop-off in temperature closer to the top of the reactor. 

This profile is better than that obtained in earlier runs, see Figure 6.13. 

Run 18 was the first test run to utilize the new scraper (see 
Figure 6.14). This scraper differs from that used in previous runs in that 
it uses an in-line double-ended air cylinder instead of a side-mounted single- 
ended cylinder, and separate elastomeric wipers and 0-ring seals instead of 
simple packing rings. The new scraper should require less maintenance than 
the original unit. It also has a longer stroke - 0.75 m vs 0.45 m in the 
older scraper. Performance of the new scraper during Run 18 was smooth. 

The unit will be inspected for wear as soon as the unit is opened. 

Run 18 was the last run called for in the FSR PDU program plan. 
Thus, all the runs planned for this phase were successfully completed and 
have demonstrated the operational feasibility of the system. 

Table X gives the conditions for runs 14 through 19. (Run 19 was 
made on the last day of the year, to gain the maximum time of operation and 
terminated after 3.7 hours, as a result of silane depletion.) 

Powder Inventory and Shipping 

Kayex Corporation of Rochester, New York (subcontractor for sili- 
con melter system development) fabricated a powder transport drum for powder 
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FIGURE 6.14 FSR New Scraper Seal 
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TABLE X RUN SUMMARIES (14-19) 


Run No. 

Date 

Duration 

(Hrs) 

SiH 4 

Rate 

(kg/hr) 

Reaction 

Zone 

Temp 

C°c) 

Powder 

Transferred 

(%) 

Comments - Equipment 
Modification 

14 

10/23/80 

3.0 

2.30 

865 

75 

New liner support and powder 
transport systems installed. 
Heating system unchanged. 

Powder stored under inert purge 

15 

10/28/80 

4.0 

2.33 

875 

83 

As in Run 14. 

16 

10/31/80 

4.0 

2.29 

860 

101 

Completion of milestone. 
As in Run 14. 

17 

11/10/80 

12.0 

2.37 

870 

79 

Completion of milestone. 

As in Run 14. 11.8 kg to Kayex 

18 

12/22/80 

12.0 

2.4 

880 

57 

New scraper installed. 
Other systems unchanged. 

19 

12/31/80 

3.7 

2.3 

880 

75 

Consumption of last available 
silane (remaining cylinder 


pressures too low) . Minimal 
effort to transfer powder. 


shipments. This consisted of a modified stainless steel 55-gallon drum incor- 
porating a screw auger, breaker bar, and porous fluidizing surfaces. The drum 
was used successfully by Kayex to transfer the powder to a melter crucible 
without exposure to the atmosphere. 

Approximately 100 kg of silicon powder was required for shotting 
work by Kayex. The powder inventory (December 30, 1980) was 50 kg of good 
powder kept under nitrogen purge, and approximately 50 kg of powder with sil- 
icon chunks which had to be screened out. We, thus, had roughly 100 kg of 
powder for shotting work and no surplus in storage. 

Crystal Growth Experiment Using Free-Space Pyrolysis Powder 

A crystal growth experiment was conducted by Kayex Corporation on 
October 20, 1980, using silicon powder produced by the free-space reactor. 

The primary objective was to establish the feasibility of growing an ingot 
by introducing silicon powder directly into the crystal grower. 

A powder-feeding device based on an auger was designed and fabri- 
cated to transfer powder directly from a storage drum to the crystal grower. 

A CG 2000 RC puller was used. The drum-auger assembly, containing silicon 
powder from free-space reactor Run 13, was connected to an inclined quartz 
tube entering the crystal grower through a top port. A ball valve was used 
to isolate the crystal grower. A ceramic-disk plunger was provided to clear 
the quartz tube in case of blockage. 

Powder was fed to the crucible by manually rotating the auger 
after applying power to the puller. Powder feeding was satisfactory, how- 
ever, considerable blowing of the powder in the furnace chamber was observed. 
This uncontrolled blowing of fine powder caused arcing problems whenever 
the powder got in between the crucible and the graphite heating elements. 
Powder melting was effective. Since the power input had to be limited to 
50 to 60 kw due to arcing, and the crucible could not be lowered into a 
higher temperature zone, the feeding and melting steps were rather slow, 
taking almost 6 hours to establish a stable melt of approximately 6.5 kg of 
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silicon. The melt was relatively free from silicon monoxide; however, a glassy 
slag formation observed in the melt was not explained until completion of the 
experiment. When the equipment was disassembled at the end of the run, it was 
realized that the ceramic plunger disk (1.25" dia. x 0.25" thick, containing 
approximately 7% boron) (designed by Kayex) had accidentally fallen into the 
melt. 


Crystal pulling was hampered by several factors. Crucible rota- 
tion had to be stopped due to arcing problems. Fluxing and devitrification 
of quartz crucible, caused by the dissolved ceramic disk, resulted in quartz 
particles migrating towards the seed and affecting crystal growth. Kayex was 
able to pull polycrystalline ingots of 1 inch and 4 inches in diameter and 
3 inches long. Due to the heavy accidental doping, resistivity of the poly- 
silicon ingots was low, typically 0.04 Q cm, P-type. 

On November 20, 1980, a second powder-melting and crystal-pulling 
run was conducted by Kayex Corporation using silicon powder produced by the 
free-space reactor. The powder from our Run No. 17 was transferred into the 
stainless-steel transfer-drum directly without exposure to the atmosphere. 

The drum was initially kept under a nitrogen purge and finally under an argon 
purge. This drum, containing an auger, was connected to Kayex' s CG 2000 RC 
crystal puller. The ceramic plunger, which caused contamination problems 
in the previous run, was eliminated. The crystal -puller furnace was equipped 
with a new graphite hot zone. A quartz ring was used to shield the annular 
space between the quartz crucible and graphite heater. This shield prevented 
powder from getting into the annular region and thus eliminated arcing prob- 
lems experienced during the previous run. 

Powder feeding and melting operations were effective. The feed 
and melt rate was approximately 3.2 kg/hr, and there were indications that 
this rate could be considerably increased. Attempts to pull a single crystal 
ingot were hampered by the presence of a contaminant "scum" floating on the 
melt surface. This contamination seemed to originate from powder that had 
reacted with some component of the furnace atmosphere. When the gas flow 
around the crucible was disturbed during attempts to remove the contaminants, 
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additional powder with contaminant fell into the melt. The bulk powder did 
not appear to contribute to this contamination. 

Kayex was able to pull a polycrystalline ingot 3 inches in dia- 
meter x 4 inches long. The resistivity of this poly was measured to be 55 n cm, 
P-type. 


Reactor Scale-Up and Design 

A 100 NfT/year free-space reactor/silicon hopper assembly for EPSDU 
was designed based on the experience gained in operation of the PDU during the 
later half of 1980 and a theoretical analysis. 

The design consists of a free-space reactor, resistance heating 
furnace, and product hopper. Detailed design drawings for fabrication of the 
equipment were prepared, and the calculations were documented in a separate 
design calculation package. The reactor and hopper were designed in accordance 
with established engineering practice for pressure vessels with ASME-code for- 
mulae serving as a design basis. Both the reactor and the hopper were designed 
for a maximum allowable working pressure (MAWP) of 14.0 psig with design tem- 
peratures of 1000°C for the reactor shell, 300°C for the reactor head, and 
500°C for the hopper. Additionally, both the reactor and hopper are capable 
of withstanding full vacuum. 

The reactor consists of a cylindrical Incoloy 800H shell, an 18- 
inch I.D. quartz liner, and a water-cooled stainless steel top head. The 
hopper is constructed of 304 stainless steel and consists of torispherical 
upper head, a 48-inch O.D. cylindrical main shell section with an 18-inch 
access manway, and a Dynapore (porous 304 stainless steel) lined lower conical 
shell. These components are shown in Figure 6.15. 

Silane gas is injected into the quartz-lined reaction chamber via 
a water-cooled injector tube which passes through the reactor head. The op- 
timum temperature profile in the reactor is maintained by an externally 
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mounted multi-zone resistance furnace with provisions for feedback temperature 
control. The furnace is supported independently of the reactor/hopper vessel 
by two I-beams which attach to an external framework. 

During the process, silane gas (SiH^) is decomposed to form sil- 
icon powder (Si) and hydrogen gas (f-^) . The reaction products enter the 
hopper via a 20-inch communicating chamber in the upper head of the hopper. 

The silicon powder collects in the lower conical and straight shell sections 
of the hopper. 

A manifold, consisting of eighteen sintered metal filter elements, 
is attached internally to the upper head of the hopper with a 2-inch pipe size 
nozzle passing through the head. Hydrogen gas from the reaction is drawn from 
the hopper through the filters to a separate external recovery system. The 
hopper has a net product volume of 79 cubic feet to a point 12 inches below 
the filters. 


A product withdrawal line (1-1/2 inch diameter pipe) passes through 
the main shell of the hopper and terminates near the bottom of the conical shell. 
Hydrogen gas is injected from an external source through the lower cone flange, 
into the annular space between the outer shell and the Dynapore (porous stain- 
less) inner cone. The flow of gas facilitates pneumatic transfer of the powder 
from the hopper through the product withdrawal line. Powder flow is assisted 
by the flow of hydrogen gas through the sintered metal cone, and by an internal 
"breaker bar" mechanism mounted through the main shell immediately above the 
conical shell juncture. The "breaker bar" mechanism consists of 0.5-inch 
stainless steel rods (adjustable) mounted to a 1-inch stainless steel shaft 
which is driven by an externally mounted pneumatic rotary torque actuator to 
break up powder "bridging" in the hopper shell and cone. 

Powder deposits on the quartz reactor chamber walls are removed by 
a stainless steel "scraper" ring capable of traversing a 40-inch length of 
the reactor chamber. The scraper is mounted on the end of the water-cooled 
shaft of a specially-designed (Carter Controls) pneumatic cylinder suitable 
for high temperature operation. The pneumatic cylinder is externally attached 
to the top of the reactor head. The cylinder shaft passes through the water- 
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cooled reactor head which contains an additional scraper and sweep purge 
chamber to protect and insure proper functioning of the pneumatic cylinder. 

Cooling for the hopper is provided by clamp-on Panelcoil ele- 
ments attached to the cylindrical shell of the hopper and by 0.5-inch O.D. 
copper tubing coils on the upper hopper head. Additional copper cooling 
coils are attached to the lower portion of the reactor shell (below the 
furnace). Heat transfer to the cooling coils and panels is enhanced by 
the use of a heat transfer cement. 

The reactor/hopper assembly is supported by four external lugs 
attached to the main shell of the hopper. The support lugs will in turn 
be bolted to the same external framework to which the independently sup- 
ported furnace is attached. 

Drawing number D-2160600 (Figure 6.15) shows the final assembly 
Free-Space Silicon Reactor/Silicon Hopper for the EPSDU facility* 

The EPSDU Free-Space Reactor was designed to process a maximum 
silane throughput of 75 lb/hr at a maximum wall temperature of 925°C. This 
throughput, which represents a rate about 50% higher than the steady-state 
production rate required to produce 100 metric tons of silicon per year, 
allows for plant downtime. 

Computer simulations of the free-space reactor predicted that an 
18-inch diameter reactor will be capable of successfully reacting 75 lb/hr 
of silane without hard wall deposit formation. On this basis, the prelim- 
inary design calls for the reactor liner to have an 18-inch inner diameter. 
The reactor shell, which encloses the quartz liner, will be constructed from 
Incoloy 800H and will have the following dimenstions: 20-inch O.D., 6-foot 

length, and 5/8-inch wall thickness. It is designed to withstand pressures 
up to 50 psig at temperatures up to 1000°C. At the normal operating pres- 
sure of 17 psig, the stresses in the reactor cylinder are 225 psi, which 
is much less than the 700-psi rupture stress of Incoloy at 950°C. 
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A multizone resistance heating system with automatic feedback 
temperature control will be used for the EPSDU reactor instead of an induc- 
tion heating system such as that used in the PDU. Experience from the PDU 
indicated that induction heating has two major drawbacks in this application. 

• low heating efficiency resulting mainly from high power 
losses due to inductive coupling with metal surfaces 
near the long power leads. 

• the fixed temperature profile obtainable from a given 
coil . 

A properly insulated resistance heating system should have lower heat losses, 
and multizoning of the heating elements allows for flexibility in establishing 
the desired temperature profiles. 

Curved resistance heating elements with a 45° arc and 6-inch width, 
a temperature capability of 1200°C, and a power rating of 1025 watts per unit 
are commercially available. The heater design calls for two semi-circular 
assemblies constructed of 48 heaters each, with four heater elements per axial 
band, and twelve axial bands spanning the length of the reactor. The two heater 
assemblies will be hinged together to allow access to the reactor cylinder and 
easy replacement of elements. Figures 6.16 and 6.17 illustrate the basic de- 
sign concept. 

A feedback control circuit monitors the wall temperature in a 
given zone with a thermocouple, and a temperature controller varies the amount 
of power supplied to the heaters in that zone to maintain the desired reactor 
wall temperature. The preliminary design calls for six controllers with each 
of the first three bands independently controlled (since this is the most 
critical region from a process standpoint), and the other three controllers 
controlling three bands each. The design is shown schematically in Figure 
6.18. Reflective baffles reduce interaction between heaters in adjacent 
bands. A total of 12 independently-controlled zones can be created by adding 
additional control circuits. 
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The 96 heating elements give the heating system a capacity of al- 
most 100 KW. Since the process requirements, including losses, are on the 
order of 50 KW, the system has considerable reserve capacity. Under normal 
operating conditions, the resistance elements will draw considerably less 
than their maximum power rating which will extend heater life. The system 
has sufficient power to heat the reactor to operating temperature in under 
2 hours. 


A computer model of gray body-radiation exchange between the re- 
sistance heaters and the reactor wall was developed to predict the tempera- 
tures and power inputs needed in the heating elements in the various zones 
to attain the required temperature profile in the reactor wall. Results 
predicted that the proposed system is capable of producing the desired tem- 
perature profile. 

Analyses from this model showed conclusively that reflective baf- 
fles between the independently-controlled heating zones are an absolute 
necessity if the resistance heating system is to be capable of achieving the 
required temperature profile in the reactor wall. Without baffling, inter- 
action between the heating zones becomes a serious problem. As the gap 
between the reactor wall and the heating elements becomes larger, interac- 
tion between the element becomes more and more significant, since the radia- 
tion view factors between adjacent zones increase. As the gap becomes larger, 
the required power input to the second zone increases until it exceeds the 
power rating of the heating elements. At the same time, the power input to 
the first zone becomes smaller until, eventually, heat actually flows out 
through the first zone. The temperatures in the second zone increase and 
those in the first zone decrease in the same manner as the gap is increased. 
Baffling of the various zones to reduce interaction will have a similar effect 
to reducing the gap to a very small distance, and the heat flux distribution 
in the resistance elements should approach that in the outer reactor wall. 

A simulation run of the model was made to determine whether the 
proposed EPSDU resistance heating system was capable of generating the wall 
temperature profile required in the EPSDU reactor. The reflectivity of the 
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ceramic baffles and the ceramic backing of the heating elements was assumed 
to be 0.5, and the reactor wall was assumed to be black. A 2- inch gap 
between the heating elements and the reactor wall was specified. 

Figure 6.19 shows the power inputs to the various heating zones, 
and Figure 6.20 shows the corresponding element temperatures needed to achieve 
the desired temperature profile. The maximum power input and element temper- 
ature was predicted in Zone 3, with values of 3.4 KW and 994°C respectively. 
Since each zone of heating elements has a power rating of 8 KW and a tempera- 
ture capability of 1200°C, the system was capable of achieving the desired 
profile. The negative power inputs to Zones 1 and 12 indicate that heating 
elements are unnecessary in these regions provided these areas are properly 
insulated. 

1.6. 1.2 Theoretical Analysis 

The purpose of the theoretical analysis was to develop a mathe- 
matical model of the free-space reactor that could be used to determine optimal 
values for the reactor operating parameters, and assist in scale-up and design 
of the EPSDU prototype reactor. 

The early portion of the theoretical effort consisted of a detailed 
evaluation of previous models of the free-space reactor developed by other in- 
vestigators. This evaluation indicated the unsuitability of the previous models 
in meeting the objectives of the theoretical program. Effort was then directed 
at developing a two-dimensional axisymmetric model capable of analyzing the re- 
circulating flow in the reactor. 

The mathematical model of the free-space reactor that was developed 
treats the reactor as a compressible, turbulent, axisymmetric, chemically- 
reacting confined jet. The conservation equations for momentum, mass, energy, 
and species are formulated for the reactor, and solved numerically by a control 
volume finite difference procedure. The conservation equations represent a 
mathematical description of the fluid mechanics, heat transfer, and chemical 
reaction in the reactor. The quantitative validity of this model has been 


162 


Temperature in Heating Elements (°C) Power Input to Heating Zones (kW) 



FIGURE 6.19 Power Inputs to the Heating Zones - 
EPSDU Reactor Simulation 
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FIGURE 6.20 Temperatures of the Heating Elements 
EPSDU Reactor Simulation 
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established by extensive comparison of experimental results and model pre- 
dictions. The experimentally-verified model serves as a rational basis for 
scale-up of the free-space reactor from the current PDU to an EPSDU sized 
unit capable of producing 100 metric tons of silicon per year. 

The mathematical model of the free-space reactor consisted of 
the following: 

• Conservation equations for momentum, mass, energy, and 
species along with boundary conditions appropriate to 
the reactor configuration. 

• A turbulence model that accounts for the effects of tur- 
bulence on the velocity and temperature fields. 

• A reaction model that accounts for the depletion of 
silane by the reaction and the resultant heat release. 

The flow in the free-space reactor is assumed to be axisymmetric . 
The conservation equations are written in cylindrical coordinates, and form 
a non-linear coupled system of partial differential equations. 

The dependent variables of interest in the free-space reactor 
are the axial velocity, the radial velocity, the pressure, the temperature, 
and the silane mass fraction. Due to the turbulent nature of the flow, the 
conservation equations are formulated in terms of the mean-time-average 
values of these variables. The effects of the turbulence are accounted for 
by the K- e turbulence model. 

The numerical solution procedure used in the model is the control - 
volume finite difference procedure pioneered by Spaulding's group at Imperial 
College in London. This numerical procedure appears to be one. of the most 
suitable methods currently available for solving complex problems involving 
heat and mass transfer in recirculating flows. The computer program FREE- 
SPACE that is used to solve the equations describing the free-space reactor 
is an extension of the TEACH program developed at Imperial College. 
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In cylindrical polar coordinates, the conservation equations can 
all be written in a standard elliptic form. For steady flow the standard 
form is: 


fjrCpuD) * t fj- (WV0) - |j 


• L f rr St). s 

0 9x / r 8r \ 0 3r/ b 0 


Here 0 stands for the time-average value of any of the dependent variables 
(U, V, P, T, M s , K, e), r ^ is the appropriate diffusion coefficient for the 
variable 0, and represents source terms associated with the equation of 0. 


The numerical solution procedure solves the conservation equa- 
tions in their standard form. Finite difference equations at a grid point 
are obtained by integrating the governing differential equations over a con- 
trol volume centered about the point. Diffusion fluxes across a control 
volume face are computed assuming a linear variation of the flow properties 
between adjacent grid points. Convective fluxes are computed using a hybrid 
differencing scheme that uses either an upwind or central difference depending 
on the local grid cell Peclet number. Formulation of the finite difference 
equations in this manner guarantees that even coarse grid solutions to the 
equations are physically realistic and satisfy overall conservation exactly. 


The resulting finite difference equations are of the form: 
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The system of equations is solved iteratively by a tri-diagonal matrix algo- 
rithm. The staggered grid system and SIMPLE algorithm of Patankar and 
Spaulding is used to solve for the velocity and pressure fields. Further 
information on the numerical method is available in many references. 


Experimental Verification of Model 


Detailed measurements of the velocity, concentration, and temper- 
ature fields inside the free-space reactor were beyond the scope of the 
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experimental program. Tests on the validity of the theoretical model were 
therefore limited to comparisons of quantities that were measured experi- 
mentally, and trends that were observed. Excellent qualitative agreement 
of the model with experimental trends due to changes in silane throughput 
and reactor wall temperature was observed. The quantitative validity of 
the model was established by the following criteria: 

• Quantitative agreement with internal temperature 
measurements made during early experiments at Parma. 

• Quantitative agreement with throughput capacity tests 
conducted at Tonawanda. 

• Ability to predict operating conditions leading to 
hard wall deposit formation. 

Internal Temperature Comparison 

Obtaining accurate measurements of internal temperatures during 
reactor operation is extremely difficult because the thermocouples quickly 
become covered with silicon powder and vapor deposited silicon. The only 
time that internal temperature measurements were made during actual reactor 
operation was at Parma during August 1977. 

Figure 6.21 compares measured internal temperatures with the tem- 
peratures computed by the model for a typical experiment. The wall tempera- 
ture profile measured experimentally was parabolic in shape, and is included 
in the figure for reference. The experimental profile was used in the model 
simulation. The predicted temperatures agree favorably with the measured 
values throughout the length of the reactor. 

Throughput Capacity Comparison 

A series of short term capacity experiments was conducted during 
the first phase of the experimental program at Tonawanda. The conversion 
efficiency as a function of silane throughput was determined experimentally 
by measuring the fraction of silane in the off gas with a gas chromatograph. 
The original uniformly-spaced coil that generated a parabolic wall temperature 
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FIGURE 6.21 Internal Temperature Comparison 
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distribution was used during these experiments. Reaction conversion effi- 
ciencies in excess of 99% were measured at silane throughputs of up to 
10 lbs/hr. The measured conversion fell to 85% at a throughput of 13.7 lb/hr. 

The dramatic effect of the shape of the wall temperature profile 
on the reactor operation became apparent when the model was used to simulate 
these capacity experiments. The reaction conversion as a function of silane 
throughput was predicted for two different wall temperature profiles: 

• a uniform 950°C wall temperature, and 

• a parabolic profile with a peak temperature of 950°C 

The results, shown in Figure 6.22 show that the decrease in reaction with 
increasing throughput is far more dramatic when the temperature distribution 
is parabolic. In addition, for the same maximum wall temperature, the reac- 
tion efficiencies are invariably higher when the wall temperature is uniform. 

Prediction of Hard Wall Deposits 

Experiments conducted with the PDU clearly demonstrated that the 
throughput capacity of the free-space reactor is limited not by the require- 
ment of high reaction efficiency but rather by the necessity of preventing 
the formation of hard wall deposits. In the early experimental phase, ex- 
cessive hard wall deposit formation led to reactor liner breakage even though 
the measured reaction efficiencies were in excess of 99%. The success of the 
model in predicting hard wall deposit formation is of the utmost importance 
since the required size of the EPSDU reactor is determined from this criterion. 

Heterogeneous decomposition of silane on the reactor wall cannot 
occur if unreacted silane does not reach the reactor wall. By completely 
reacting the entering silane before the expanding jet reaches the wall, hard 
wall deposit formation can be eliminated. For any set of operating condi- 
tions, the model predicts the location of the homogeneous reaction (by means 
of the reaction intensity distribution function) and the resulting silane 
concentrations that exist near the wall. This information, in conjunction 
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FIGURE 6.22 Effect of Wall Temperature Profile on Reactor Capacity 
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with extensive experimental observations of wall buildup, has been used to 
define a criterion for reactor capacity based on the prevention of hard wall 
deposit formation. 

The correlation relating the experimental observation of hard 
wall deposit formation to the maximum silane concentration near the reactor 
wall predicted by the model was established by the results shown in Figure 
6.23. No hard wall deposit formation was observed experimentally in the PDU 
when the predicted silane concentration near the reactor wall was less than 
about 5%. The criterion for reactor scale-up is based on keeping the pre- 
dicted silane concentrations near the reactor wall below the 5% level. The 
success of the Tonawanda experimental program in eliminating hard wall de- 
posits stands as evidence of the validity of this criterion. 

Since material constraints limit the maximum wall temperature 
that can be used, scale-up of the free-space reactor to EPSDU capacity must 
be accomplished by increasing the reactor size. Results from the theoretical 
model have been used to determine the minimum reactor diameter needed to 
successfully react the EPSDU throughput requirement. The following three 
criteria were used in scale-up of the reactor design: 

• The temperature profile in the EPSDU reactor wall must 
be similar to that measured experimentally in the PDU. 

• The flow field inside the EPSDU reactor must be similar 
to the flow field inside the PDU. 

• The predicted silane concentrations near the reactor wall 
for the EPSDU design must be comparable or lower than 
levels predicted for PDU experiments where no hard wall 
buildup was observed (<5%). 

These criteria were prescribed to ensure that the EPSDU reactor 
operate in a manner similar to the PDU, so that use could be made of the 
considerable operating experience with the smaller unit. 


170 


MAXIMUM PERCENTAGE SILANE NEAR WALL 



1 5 10 50 100 

THROUGHPUT (lb/hr)- 


EXPERIMENTALLY VERIFIED PREDICTIONS DESIGN PREDICTIONS 

& NO HARD WALL DEPOSITS O NO HARD WALL DEPOSITS PREDICTED 

A HARD WALL DEPOSITS OBSERVED • HARD WALL DEPOSITS PREDICTED 

8 PREDICTION - 12" DIAMETER REACTOR 

9 PREDICTION - 15" DIAMETER REACTOR 

10 PREDICTION - 18" DIAMETER REACTOR 

11 PREDICTION - 18" DIAMETER REACTOR 

FIGURE 6.23 Hard Wail Deposit Predictions for EPSDU Reactor Designs of 
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Predictions of wall buildup formation for the various reactor 
sizes are displayed in Figure 6.23. The corresponding points for several 
PDU experiments are included for reference. An 18" diameter reactor was 
the minimum size predicted to be capable of reacting 50 lbs/hr of silane 
on a continuous basis without hard wall deposit formation. The predicted 
maximum silane concentration near the wall of 2.3% is as low as any value 
predicted for any PDU experiment, so wall buildup should be minimal. 
Furthermore, an 18" reactor was predicted to be capable of successfully 
reacting 75 lbs/hr of silane with less than 5% silane near the wall, when 
the maximum wall temperature was raised to 925°C. On the basis of these 
results, an 18" inner diameter reactor was selected for the preliminary 
EPSDU design. 

1.6.2 MELTING/CONSOLIDATION 

The free-space reactor (FSR) produces a submicron-sized silicon 
powder by pyrolysis of silane gas. This product is impractical for use by 
silicon sheet manufacturers because of its low bulk density makes it diffi- 
cult to store, package, transport and handle and is easy to contaminate. 

It is therefore mandatory that the powder be converted into a useful form 
by melting and consolidating into a pellet form. 


1.6. 2.1 Melting System Subcontract 

Six candidate subcontractors were approached to respond to a 
request for proposal (RFP) which defined a statement of work and deliver- 
ables, etc. Two distinct objectives were required. The first consisted of 
an R§D effort required to experimentally demonstrate the operability of a 
melter system and the second was to prepare a functional design package for 
the EPSDU melter system. Technical proposals were received from four can- 
didate subcontractors and were reviewed by an evaluation team which included 
a consultant. The proposals were rated for seven criteria, specifically: 
technical success, reliability and scale-up, product purity, 1986 cost 
goals, product form, fabrication facilities, and schedule. 
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The subcontract was awarded to Kayex Corporation, Rochester. The 
silicon consolidation scheme was based on melting the powder in a quartz 
crucible and dropping molten silicon shot from the crucible bottom into a 
cooling tower where the shot is solidified. 

Subcontract work was started on March 1, 1980, and was completed 
in October, 1981. The goal of the project was to design, build, and test a 
melting/ consolidation system suitable for installation in the EPSDU. 

Initially, a small-scale set-up was used to prove the basic con- 
cept of melting silicon in chunk form by induction melting and dropping the 
melt through a nozzle in the base of a quartz crucible. After many tries 
and modifications, it was demonstrated that indeed chunk silicon and powder 
silicon could be melted and dropped through a nozzle. Based on this learning 
period , the experimental PDU system was designed and quotations for equipment 
were solicited. 

The prototype system was fabricated, checked out, and the test 
program was started. Figure 6.24 shows a sketch of the general function of 
the melting/shotting system and Figure 6.25 shows a photograph of the system 
at Kayex. 

The details of the equipment design, problems encountered, solu- 
tions to problems, description of testing and results have been amply docu- 
mented by Kayex in their deliverable documentation. The contractual work is 
summarized in the following documents: 

• Final Report 

• Technology Development Report 

• Functional Design Specification for SMS 

• Operation Manual 

• Design Package 
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FIGURE 6.24 Silicon Powder Melting and Shotting System 
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The following are comments on each of the documents: 

• The final report by the Corporate Technology Center, 

Kayex Corporation, Rochester, New York, was sub- 
mitted to Union Carbide. 

• In addition, a Technology Development Report giving 
all details of testing and how adversities were over- 
come in the SMS development contract, was submitted 
to Union Carbide. 

• . Functional Design Specification Package : This document 

was written to define a Silicon Melter System (SMS) 
suitable for consolidation of sub-micron sized silicon 
powder into "shot". The powder is a product of the free- 
space reactor (FSR) developed by UCC. The SMS was sized 
for 100 metric tons per year and the specification was 
based on the experience gained by Kayex in the design, 
fabrication and testing of a prototype SMS under sub- 
contract to UCC (Contract Number 825-50106). 

The prototype test results are, therefore, the basis and 
limiting factor in the selection and design for control 
methods, powder handling, "shot" collection, process para- 
meters and throughput projections. It is evident that 
further study is required in projected design areas such 
as the use of multiple nozzles, auxiliary nozzle heaters 
and scale-up parameters, before confidence can be placed 
in a specification. 

The functional design specification package has the 
following contents: 

— General description and assumptions 

- overall operation assumptions 

- typical SMS sequence 

- major subsystems 
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Design specification 

- general description 

- general specification 

- process streams - prototype system 

— Utilities required 
— Budgetary cost estimate 

Appendix - list of reference drawings and a 

drawing package 

• Operation Manual : This document describes the operating 

procedures for startup, running and shutdown of the 
shotter/melter system. 

• Design Package : The design package includes all detailed 

drawings for the shotter/melter system in its current con- 
figuration. 

Summary 

The program has proven that silicon powder as produced by the 
free-space reactor can be melted and consolidated in a shot form and that 
adequate purity for solar cells is practical. The experimental evidence 
to date still leaves some unresolved issues which require further develop- 
ment work prior to considering installing the PDU as an integral part of 
the EPSDU system, namely: 

• melting powder and producing shot consistently 
in steady state 

• throughput reliability and magnitude (kg/day) 

• erosion rate of nozzles 

• economics of operating multiple units (from 3 to 8) 
for an output of 100 MT/Yr 

• demonstration of silicon shot purity over longer 
term operation 

Due to lack of funding, further activity in this area was deferred. 
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1 . 6 . 2. 2 


Process Analysis (Melting/Consolidation) 


UCC performed consolidation process analyses geared toward 
supporting the melter subcontract effort and EPSDU design activities. A 
theoretical analysis of silicon shot casting was conducted and the results 
of the analysis are summarized below: 

The analytical work was concentrated in four major areas: 

• Droplet formation 

• Droplet cooling 

• Process dynamics 

• Cooling system requirements 

Theoretical models were developed for each of these aspects of the shotting 
process. The size of droplets formed through an orifice was predicted for 
the region where drops form individually at the orifice, and for the vari- 
cose region where drops form by the breakup of a liquid jet [Figure 6.26). 

In the drop formation region, EPSDU throughput of 16 kg/hr can be met with 
a single orifice (diameter between 1.5 and 2.0 mm) forming droplets approxi- 
mately 5 mm in diameter as can be seen in Figure 6.27. In the varicose 
region, the throughput requirement of EPSDU can be satisfied by a single 
orifice with a diameter of 0.5 to 1.0 mm that gives rise to droplets 1 to 
2 mm in diameter. Table XI shows the upper and lower bounds on the vari- 
cose region for different orifice diameters, and also lists the predicted 
droplet sizes. 


The solidification of droplets was modeled to determine the 
lower height required for complete solidification. The model predicts the 
temperature profile in the solidifying droplet, the velocity and position 
of the droplet, and the solidified shell thickness of functions of time. 
Figure 6.28 shows the tower height required for 100% droplet solidification. 

The tower height required increases exponentially as the 
droplet diameter increases. The high thermal conductivities of hydrogen and 
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FIGURE 6.26 Jet Length Vs. Velocity for Fluid Flow Through an Orifice 
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FIGURE 6.27 Prediction of Size of Droplet Formed in Drop Formation Region 


TABLE XI 


DROPLET SIZES IN THE VARICOSE REGION 
(by analysis of model) 


Orifice 

Diameter 

(mm) 

Throughput at 
Jetting Velocity 
(kgm/hr) 

Throughput at 
Atomization 
Velocity 
(kgm/hr) 

Predicted 
Droplet Size 
(mm) 

0.5 

2.7 

104.6 

0.95 

1.0 

7.6 

276.7 

1.89 

1.5 

14.0 

562.0 

2.84 

2.0 

21.6 

738.3 

3.78 


(EPSDU throughput: 15.9 kgm/hr) 
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helium dramatically increase the amount of convective heat transfer from the 
droplet over that observed in argon, and result in more rapid cooling of the 
droplet. Consequently, despite the higher terminal velocities of the droplet, 
the tower height required for complete solidification of a given size drop 
is less if hydrogen or helium is used as the cooling gas. 

The results clearly show that if the tower height is to be kept 
under 20 feet, the droplets formed must be less than 2 mm in diameter. Drop- 
lets produced through a 1 mm diameter orifice at EPSDU throughputs in the 
drop formation region are approximately 5 mm in diameter. Figure 6.28 shows 
that a tower of at least 200 feet in height is required to completely soli- 
dify a 5 mm droplet. 

Figure 6.29 shows the temperature profile in a 2 mm droplet 
solidifying in hydrogen. The phase front moves inward more rapidly as solid- 
ification progresses since less mass is contained in spherical shells close 
to the center of the droplet than in those shells near the outer radius. 

A steep temperature gradient exists in the droplet during solid- 
ification which may lead to severe thermal stresses in the solidified shell. 

In addition, since liquid silicon expands as it solidifies, additive tensile 
stresses are present. The total induced stress may be large enough to frac- 
ture the droplet. Cracking of the solidified shell is not perceived to be 
a serious problem, provided the droplet does not shatter into small fragments. 
A detailed analysis of thermal stresses in the droplet has not been performed, 
but papers dealing with the subject have appeared in the literature. It is 
clear from the droplet cooling analysis that if droplets of the desired size 
range (greater than 1 mm) are to be completely solidified in a 20-foot high 
tower, then cooling must be achieved at a maximum possible rate. If shat- 
tering of the droplets proves to be a serious problem, then the thermal stress 
problem should be investigated further. 

The dynamic response of the shotting system to changes in the 
powder feed rate, pressure differential across the melt, and orifice diameter 
was determined. The melt height has a very slow response to changes in the 
orifice cross-sectional area, which indicates that plugging or erosion of 
the nozzle cannot be adequately monitored by monitoring the melt height. 
Monitoring of the droplet throughput and size is suggested as the best way 
of determining the orifice condition. 
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FIGURE 6.29 Temperature Profiles in Solidifying Droplet 







The cooling requirements for the shotting tower were predicted 
to establish design parameters. The cooling requirements were shown to be 
minimal provided the melting furnace is properly insulated from the tower. 

System Compatibility Requirements for a Hydrogen Atmosphere 

A study of the melter compatibility for hydrogen atmosphere 
operation was conducted. This study included a recommendation on the elec- 
trical classification for the melter building assuming an all-hydrogen environ- 
ment inside the melter. A second part of the study examined the compatibility 
of melter materials for operation in a hydrogen atmosphere. 

The following features were noted for the EPSDU melter area: 

• Produce purity requirements necessitate the tightest 
possible system 

• System pressures are low (10 psi or less) 

• Most process lines are small 

• Mechanical ventilation of at least 6 air changes 
per hour will be supplied 

In light of these considerations, the low-bay portion of the 
building could be electrically unclassified. If a hazardous accumulation 
of hydrogen were to occur, it would be in the upper level of the high-bay. 
Therefore, it was recommended that the high-bay area be handled as a Divi- 
sion 2 which requires the elimination or proper enclosure of sparking devices 
and the use of vapor-tight lighting fixtures. 

The capacitor bank for the induction power supply and screw 
feeder/motor assembly should now meet Class 1, Division 2, Group B classifi- 
cation. The control panel for housing instruments and controls need not meet 
Division 2 requirements since it will be located in an electrically unclass- 
ified area at EPSDU. However, since the atmosphere around the panel could 
get dusty, the instrumentation and controls should be housed in a dustproof 
box such as a Hoffman free-standing NEMA Type 12 enclosure. 
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Summary 


• Shot larger than 2 mm in diameter cannot be completely 
solidified in a 20-foot high cooling tower. 

• Shot of the desired size (1 - 2 mm diameter) can be 
formed at rates comparable to the proposed EPSDU 
throughput (15.9 kgm/hr) by forcing molten silicon 
through a 1 mm orifice at velocities corresponding 
to the varicose region, where drops form by jet 
breakup. 

• Droplets formed at low flow velocities through ori- 

i fices of reasonable size are too large to solidfy 

completely. 

• Hydrogen or helium was selected as the desired tower 
cooling gas because of enhanced heat transfer charac- 
teristics. 

• The results obtained from the theoretical model were used 
by Kayex to guide the design of the shotting system. 

1.6.3 FLUID BED DEVELOPMENT 

This development program includes all analytical, experimental, 
and design effort associated with developing a fluid-bed reactor as an alter- 
native or backup system to the Free-Space Reactor. 


The R§D program for the fluid bed development consisted of 

three parts: 

• A small fixed-bed deposition study to obtain silane 
reaction rate data, the critical silane concentration 
curve and silicon plating morphology. 

• An inert gas fluidization study to test arc heating 
techniques and determine particle separation boot 
parameters. 
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• A 6-inch diameter fluid bed PDU to acquire optimum 
operating conditions, prove continuous operation, 
test for product purity and gather scaling parameters 
necessary for designing a commercial -size fluid bed 
pyrolysis system. 


1.6. 3.1 Fixed-Bed Deposition 

Introduction 


The purpose of the fixed-bed experiments was to obtain data re- 
quired for the design and evaluation of the fluid bed process for silane 
pyrolysis. The data was used to design a first-generation fluid-bed silane 
pyrolysis development unit. 

Although fixed-bed experiments do provide meaningful data that 
can be obtained with modest expenditure, there are some disadvantages. It is 
difficult to maintain constant and uniform temperatures in a fixed bed because 
the bed is heated externally and the reactor wall temperatures are higher than 
the bed temperatures. However, by careful design and operating procedures, 
these bad effects were minimized and the experiments were successfuly completed. 

The specific objectives of the fixed-bed experiments were: 

• to determine heterogeneous deposition rate of silicon, 

• to define bed temperatures and silane feed concentra- 
tions which favor heterogeneous decomposition and 
minimize the homogeneous mode, 

• to qualitatively describe deposition morphology. 
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The results of this silane decomposition study generated a 
critical silane concentration curve, which is defined as the boundary between 
homogeneous and heterogeneous decomposition. The critical silane concentra- 
tion curve, a qualitative study of the morphology of the decomposition aided 
by the use of a scanning electron microscope, and deposition rate measure- 
ments are described herein. 

Summary 


The decomposition rate measurements agreed favorably with the 
literature, homogeneous decomposition was minimized by determing the depen- 
dency of decomposition on silane concentration and temperature, and dense, 
coherent deposition was obtained. 

The deposition rate measurements showed the decomposition of 
silane to be a first-order irreversible reaction within the range of exper- 
imental conditions. The rate measurements also show no composition or velo- 
city dependence in the reaction in the range of data collected. The results 
of the kinetic rate study compared well with literature, especially with the 
work of Eversteijn. ^ The reaction rate constantly varied from 0.010 (min *) 
at 576°C to 0.112 (min ^) at 676°C. Also, a further comparison shows the 
activation energy for heterogeneous decomposition to be 39 kcal/mole from 
this kinetic rate study (versus 37 from Eversteijn' s work). 

The dependency of silane homogeneous or heterogeneous decomposi- 
tion on the concentration of silane and the temperature is described as the 
critical silane concentration curve (Figure 6.30). The distinction between 
homogeneous and heterogeneous decomposition, which is presented as a band 

instead of a definitive line because of the selection of the temperatures, 

( 2 ) 

seems to be an extension of data obtained by Murthy, et al. At 20% silane 
the temperature band is 650 to 670°C. At 10% silane the temperature band is 
700 to 750°C, and at 1% silane the temperature band is 820 to 895°C. These 
results were determined with a packed bed of high-purity unetched silicon 
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FIGURE 6.30 Temperature Dependence of Critical 
Silane Concentration for Packed Bed 
of High-Purity Unetched Silicon 









particles; however, the use of acid-washed and etched silicon particles gave 
somewhat different results. The heterogeneous decomposition region was 
lowered by approximately 50°C (Figure 6.31). The critical silane concentra- 
tion curve for etched high-purity silicon lies somewhere between the data of 

m • (31 

Murthy et al v } and Eversteijn^ 

Heterogeneous decomposition using unetched silicon particles 
in the bed resulted in nodular and fiber silicon growth with the dominant 
type being fibrous (Figure 6.32). Use of acid-washed and etched silicon 
particles in the bed, strongly reduced fiber growth (Figure 6.33). The sil- 
icon deposits on the etched particles were dense, coherent, and well attached 
to the particle surface. Analysis of the acid-washed and etched silicon par- 
ticle surface indicated one order magnitude reduction of metal contamination 
from 50 ppm to 5 ppm) and removal of surface residue (Figure 6.34). These 
factors must be contributing to the favorable reduction of surface fiber 
growth . 


Experimental Results 

A. Critical Silane Concentration Curve Determination 

The critical silane concentration curve is a function of 
both feed composition and temperature, and distinguishes whether decomposi- 
tion is homogeneous or heterogeneous. Heterogeneous decomposition is the 
deposition of silicon onto the packed bed silicon particles, while the re- 
sult of homogeneous decomposition is the formation of sub-micron silicon 
powder. 


There are two factors to consider in the collection of 
data for the critical silane concentration curve. First, the distinction 
between homogeneous and heterogeneous decomposition is presented as a band 
instead of a definitive line. This is because each run is made at a constant 
temperature and silane concentration. The result of each run is then inter- 
preted individually as homogeneous or heterogeneous decomposition. The tem- 
perature is continually adjusted in successive runs until a narrow band between 
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FIGURE 6.31 Temperature Dependence of Critical Silane 
Concentration for Packed Bed of Etched 
High-Purity Silicon 














500X 

Run 23 



f- 1 CURL 6.53 Scanning Electron Photomicrograph of Cross-Sectioned 
Etched High-Purity Silicon Particle Surface after 
Heterogeneous Silane Decomposition. Run 23, 9.8% 
Silane f, 652°C. 
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FIGURE 6.54 Scanning Electron Micrograph of Etched § Unetched 

High-Purity Silicon Particle Surface Before Silicon 
Deposition 


194 



homogeneous and heterogeneous decomposition is determined for a given silane 
concentration. Second, most of the data was taken initially with a packed 
bed of high-purity unetched silicon. It was realized later that cleaned and 
etched high-purity silicon would give different results and affect the opera- 
tion of a fluidized bed silane pyrolysis unit. 

B. Critical Silane Concentration Curve Results - Unetched 

Silicon 

Figure 6.30 shows the resulting correlation from the ex- 
perimental data between temperature and the composition of silane. The two 
lines connecting the solid and open circles denotes the band separating the 
homogeneous from the heterogeneous decomposition region. The critical silane 
concentration curve lies somewhere in this band between 1.5 to 5% silane at 
800°C, 10 to 16% at 700°C and much above 20% at 600°C. 

The criterion used to determine homogeneous decomposition 
is the appearance of powder in the packed bed after the reaction is finished. 
This was accomplished by removing the packed bed from the quartz liner and 
examining the particles either visually or by a scanning electron micro- 
graph. In the majority of cases, powder formation was also confirmed by 
a rapid rise in bed AP. 

Also shown on Figure 6.30 is the work of Murthy and Ever- 
steijn. They determined the critical silane concentration curve by slowly 
increasing silane concentration in a constant temperature reactor until 
powder was visually observed. Figure 6.30 shows that the data from this 
work is an extension of Murthy' s data at temperatures below 900°C. 

One assumption was made in the interpretation of the re- 
sults of this work; mainly, that the amount of silane depleted from the bed 
stream is negligible before the feed stream is heated to bed temperature. 

This is not true because some silicon is deposited on the inner quartz-liner 
wall about ^-inch above the top of the packed bed. Also, because of heat 
transfer limitations, the feed stream must pass through a few layers of 
packed-bed particles before gas temperature approaches bed temperature. 
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Since the surface area of the quartz liner wall where the silicon deposited 
is small compared to the surface area of the bed particles, silane loss was 
considered negligible. Also, since silane passed through only a few layers of 
packed bed before reaching the bed temperature, it was assumed to enter at 
the bed temperature. 

C. Deposition Morphology - Unetched Silicon 

The scanning electron micrographs of high-purity unetched 
silicon particle surfaces, after the silane reaction, shows the main form 
of heterogeneous decomposition to be fiber growth. Figure 6.32 is a typical 
illustration. Fiber growth was also noted in previous packed-bed work at 
Parma ^ and by other investigators ^ . Some nodular growth and plating 
was also seen and is the preferred type of morphology; however, the dominant 
growth is by fibers. 


In homogeneous decomposition, brown powder is the end re- 
sult of the silane reaction but at times fiber growth also accompanies the 
powder as seen in Figure 6.35. As the temperature increases at a constant 
silane composition, the fibers become smaller in diameter. If the temper- 
ature is well into the homogeneous region, only powder remains as shown 
in Figure 6.36; no fibers are formed. 

D. Critical Silane Concentration Curve Results - Etched 
Silicon 

After many tests with high-purity silicon, it was apparent 
that fiber formation was the dominant heterogeneous growth resulting from 
silane decomposition. A Japanese work ^ implied that metal impurities 
and other surface residue provided nucleation points for fiber growth, and 
if the surfaces are clean, fibers are eliminated. Since our silicon parti- 
cles were prepared by grinding between two serrated steel plates, there was 
iron contamination on the silicon surfaces. To see what effect clean sur- 
faces would have on the critical silane concentration curve data, a sample 
of high-purity silicon was acid-washed and etched. Figure 6.31 shows the 
experimental results of using high-purity silicon that has been acid-washed 
and etched. The lower edge of the temperature band of the critical silane 
concentration curve at 9.8 mole % silane was lowered approximately 50°C. 
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FIGURE 6.35 Scanning Llectron Micrograph of High-Purity Unetched 
Silicon Particle Surface after Homogeneous Silane 
Decomposition. Run 12, 15.0% Silane and 704°C. 

Run 14, 14.8% Silane and 720°C. 
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Experiments were conducted only at 9.8 mole % silane with the band between 
homogeneous and heterogeneous silane decomposition estimated by following 
the same slope as the experimental results using unetched high-purity silicon 
Now, the data from this work falls between the results of Murthy and Ever- 
steijn. 


E. Silicon Deposition Morphology - Etched Silicon 

A result of acid-washing and etching the bed of silicon 
particles was the dramatic reduction of fiber growth. A comparison of 
Figure 6.33, etched silicon, with Figure 6.32, unetched silicon, shows the 
vast reduction in fiber growth on the silicon surface. Also shown in 
Figure 6.33 is the polished cross-section of a silicon particle. The silicon 
deposition is dense, firmly attached to the silicon particle surface and 
averages about 25 microns in thickness. This is the type of silicon plating 
which is desired in the fluid-bed pyrolysis unit. 

Figure 6.37 illustrates the result of homogeneous decompos- 
ition. The scanning electron micrograph reveals balls or clusters of powder 
material lying on the particle surface. The photomicrograph shows these 
clusters to be loosely attached to the etched silicon surface. 

The appearance of the silicon particle surface before si- 
lane decomposition for etched and unetched high-purity silicon is shown in 
Figure 6.34. The unetched particle surface has clear and distinct cleavage 
lines and shows silicon particle debris resulting from the grinding operation 
After etching, the debris is eliminated along with the cleavage lines. 

F. Silane Heterogeneous Decomposition Reaction Rate 

Three conditions must be satisfied before reliable reac- 
tion rate data can be taken with the present apparatus. First, the tempera- 
ture distribution throughout the length of the bed must be uniform; the 
maximum temperature spread in the current experiments was controlled to 
within 10°C or less. Second, the deviation of average bed temperature for 
a series of tests at some pre -determined constant temperature must be kept 
small; this amounted to ±3°C in the rate data presented in this report. 
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FIGURE 6.37 Scanning Electron Micrograph § Photomicrograph of 

Cross-Sectioned Etched High-Purity Silicon Particle 
Surface After Homogeneous Silane Decomposition. 

Run 21, 9.8% Silane and 701°C. 





Third, the hot effluent si lane- hydro gen gas mixture from the fixed bed must 
be quickly quenched to below 400°C or else the silane will continue to decom- 
pose and a true silane composition analysis cannot be made. 

Silane decomposition rates are measured by noting the re- 
duction in silane concentration as the gas stream passes through a packed 
bed of silicon particles, all at some pre-determined constant temperature 
and flow velocity. Bed temperature is held constant and the flow velocity 
changed. The change in outlet silane concentration is again noted. This 
procedure is performed for several runs. The next course of action is the 
search for a rate equation. Two conditions must be satisfied: (1) is the 

reaction rate model correct and (2) what are the best values of the rate 
constant. These questions are best answered when the rate equations are 
put into a linear form. If calculated data points deviate from a straight 
line, then the proposed rate model is incorrect and another model is tried. 
Fortunately, the rate equations for a plug flow reactor are easily integrated 
and linear equation is obtained. The rate constant is then found by deter- 
mining the best slope of the straight line utilizing a least square regression 
of the deviation of the data points from the straight line. 

Conclusions and Recommendations 


The fixed-bed experiments have supplied valuable information 
for the design of the forthcoming first-generation fluid-bed silane pyrolysis 
development unit. Important information was gathered in the areas of silane 
decomposition rates, heterogeneous versus homogeneous silane decomposition, 
and the morphology of heterogeneous decomposition. 

The fixed-bed was initially difficult to operate properly. How- 
ever, after stable temperature equilibrium was established throughout the bed 
and other operational techniques improved, reliable data was obtained. Acid 
washing and etching of the high-purity silicon particles definitely affected 
the results of the critical silane concentration curve (heterogeneous versus 
homogeneous decomposition) and probably the rate data. 

All further fluid-bed work should be performed with high-purity 
silicon which has been acid washed and etched after the silicon is ground and 
screened. 
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1.6. 3. 2 


Inert Gas Fluidization 


The experimental program, conducted in support of a fluid-bed 
silane pyrolysis PDU, was successfully completed; it demonstrated that a 
fluidized bed has potential for the production of silicon. A description of 
the experiments and results are presented. 

1.6. 3. 2.1 Capacitive Heating Tests 

Introduction 


Capacitive electrical heating is an important feature of the 
fluid-bed reactor for silane pyrolysis. By directly heating the bed, a 
particle temperature higher than the reactor wall' temperature may be estab- 
lished which should result in preferential decomposition of silane on the 
particle surfaces. The objectives of this phase of the investigation were to 

• Demonstrate that a significant silicon bed/reactor wall 
temperature difference can be established. 

• Demonstrate that silicon sintering can be minimized by 
proper operating conditions. 

• Demonstrate stable electrical performance. 

• Identify electrical properties useful for scale-up. 

This study was carried out using a 2-inch diameter column shown 
schematically in Figure 6.38. Nitrogen, preheated to 200°C, was used to 
fluidize the bed which was about 6 inches deep for more tests. Power was 
applied to the bed by means of a 0.5 inch diameter center electrode. A 
majority of the tests were conducted to determine the effect of operating 
conditions on bed sintering. Tests were performed with metallurgical -grade 
and semiconductor-grade silicon beds of various mean particle size. Both 
plain and coated electrodes were evaluated. 
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Summary 


The establishment of a favorable bed/wall temperature differ- 
ence was demonstrated by capacitively heating a fluidized silicon bed. Bed/ 
wall temperature differences of 26°C, 13°C, and 15°C were measured at heights 
of 2 inches, 4 inches, and 6 inches in a 2-inch diameter, 8-inch deep bed 
maintained at 750°C average temperature. This operating condition was 
achieved at an input power of 200 watts and a low sintering rate of 1% per 
day. 

Particle sintering is a function of the field current density. 

To reduce current density for a given input power, an electrode geometry is 
required which will provide a large field area. An optimum operating condi- 
tion can be achieved by adjusting the spacing between electrodes. While the 
field area cannot be readily determined, it is inversely proportional to the 
load impedance and this property may be used to gage the field area. For 
the 2-inch diameter experimental reactor, a load impedance of less than 8 ohms 
was necessary to achieve a sintering rate less than 5% per day. 

Particle sintering is also a function of the particle size. 

This was shown in the tests conducted with a metallurgical-grade silicon bed 
and also with a semiconductor-grade silicon bed of wide particle size distri- 
bution. The particle sintering temperature is related to the particle size 
because the smaller particles are heated more rapidly, by the electrical dis- 
charge between particles while in the electric field. 

The fluidized bed electrical characteristics are mainly deter- 
mined by the fluidizing media electrical properties. This is because the 
operating mode for heating is by gaseous discharge from particle to particle 
in the electric field. While the experimental work was performed with nitro- 
gen, similar performance characteristics are expected for hydrogen. 

In the experiments, the capacitively-heated fluidized silicon 
bed was at least a 90% resistive load as indicated by an average phase angle 
of 24°. This was supported by oscilloscope observations and by the frequency 
independence of the load. 
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There was an indication that a higher bed temperatures and in- 
put power, a higher U/U m £ is required to achieve stable electrical performance 
and to control particle sintering in the electric field. The U/U m £ increased 
from 3 to 4 at temperatures up to 500°C to 7.5 at 750°C in laboratory tests. 

Experiments 

a. Bed Heating Tests 

The reactor was fabricated from 2-inch, schedule 40, stain- 
less steel pipe and was 27 inches long from flange to flange, as shown schema- 
tically in Figure 6.38. The guard heaters were spaced about 7/8 inch from the 
reactor wall. The space between the wall and guard heaters was filled with 
ceramic fiber insulation. This arrangement favored the establishment of an 
optimum temperature gradient from bed to wall to guard. Electrodes were made 
from 0.5-inch O.D. x 1.065-inch wall stainless steel tubing with a welded cap 
at the bottom end. Some electrodes were also flame-sprayed with an alumina 
or silicon coating. 


Tests were conducted by establishing an electric field 
between the centrally located electrode and the reactor wall or between the 
electrode tip and a porous stainless steel distributor. Tests were also con- 
ducted with pyrex and mullite wall liners which terminated 1.5 inches above 
the distributor plate. A porous quartz distributor was used in some of the 
tests. These various modifications were used to control the field geometry. 

Particle growth due to sintering was measured after each 
test, except No. 25, by screening the bed through the largest screen size in 
the original bed. This procedure measured only the particles larger than 
the largest particles in the original bed. Sintering of small particles to 
sizes less than the largest original particle size was measured on test 
No. 25. For this test, which had a sintering rate of 6.2% per day, the size 
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distribution was measured before and after the test. The smallest particle 
fraction decreased about twice as much as the rest of the bed. The results 
were : 

Decrease Original 
Mesh Size Per Day Bed Composition 


-35/ +60 

6.8% 

47.4' 

-60/ +80 

6.1% 

27.6 

-80/ +120 

11.3% 

25.0 


A summary of the capacitive heating tests is presented in 
Table XII. The results are grouped by silicon grade, metallurgical or semi- 
conductor, and by type of electrode. Within each group tests are arranged 
in order of increasing sintering. 

Bed temperature and electrical data are mean values calcu- 
lated for the entire test period. For most tests operating conditions varied 
over a wide range of temperature and power. U/U^'s are average values for 
the test period. 


In the beginning of the program all tests were performed 
with metallurgical-grade silicon. The results indicated that the larger the 
particle size the lower the sintering rate, and a low load impedance resulted 
in less sintering. Starting with Test No. 12, all tests were performed with 
semiconductor-grade silicon. Tests No. 12 through 15 were set up to deter- 
mine the electrical characteristics and sintering rate as a function of a 
field geometry. To accomplish this, a pyrex wall liner was installed which 
terminated 1.5 inches above the quartz distributor plate. The bed thermo- 
couple sheathes were coated with a ceramic adhesive for electrical isolation. 
In this way an electric field could be established between the electrode tip 
and the exposed reactor wall section. However, the thermocouple coating had 
a tendency to flake with the result that alternate electrical paths were 
present in some tests and the effect of field length was not determined. A 
relationship between load impedance and sintering was determined; this rela- 
tionship, shown in Figure 6.39, does not apply for the other tests in this 
group with the exception of Test No. 25 which agrees. 
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TABLE XII 


SUMMARY OF CAPACITIVE HEATING TESTS CONDUCTED IN 2- INCH REACTOR 


TYPE OF 

.... 

ELECTRODE 

TEST 

dp 

U 

BED 


CAPACITIVE 

HEATING 


SINTERING 

'ELECTRODE 

TIP 

POSITION 


SILICON 

NO. 

Umf 

TEMP 

TIME 

POWER 

Z 

a 

e EFF 

! eff 

% PER DAY 

REMARKS 




/** 


°C 

HRS. 

WATTS 

0 

DEGREES 

VOLTS 

AMPS 

(Inches) 




8 

550 

3 

356 

23 

110 

6.3 

39 

30 

5 

2 

8/1 

114K Hz 

.< 


1 

375 

6 

380 

81 

88 

9.9/ 

i. 9-/21 

28/14 

3/7 

2 

0.6 

S.S Distrib. , 

u 

PLAIN 

10 

375 

6 

460 

8 

105 

145 

37 

138 

1 

11 

5.5 

Pyrex Wall Liner 

O W 
Pt P) 


7 

187 

8 

408 

7 

225 

15.2 

44 

69 

5 

91 

5.5 


32 

►J 


2 

375 

4 

454 

21 

223 

0.9 

29 

15 

17 


0.8 

Special disc type elec- 

£ 

ty 

*e. 

ALUMINA 

COATED 

9 

550 

3 

365 

24 

120 

4.6 

54 

31 

7 

3 

2 

Filled pores, sanded to 

4 

6 

375 

187 

6 

6 

635 

400 

6 

11 

90 

139 

3.6 

32 

66 

33 

28 

73 

8 

2 

51 

63 

0.8 

5.3 

reduce thk. , 115K Hz 

SSriraShF 11 1,1 fiUed 



51 COATED 

5 

375 

6 

390 

8 

138 

8.5 

29 

37 

4 

70 

0.8 

60K Hz 

w 


13 

187 

6 

420 

20 

146 

3.9 

3 

24 

6 

0.2 

2.5 

Pyrex Wall Liner j 

Pyrex Wall Liner, 2.7'.’bed 1 

Q 

2 

o 


12 

375 

6 

460 

23 

133 

5 • 7 

25 

29 

5 

0.5 

1 . 5 

8"bed, S.S. Distrib. 


20 

223 

8 

736 

45 

191 

3.7 

0 

24 

7 

1 

7 

S.S Distrib 


19 

221 

6 

802 

21 

191 

1.6 

21 

18 

11 

4 

1/4.5 

8.5"bed new silicon, dyna- 


PLAIN 

25 

222 

9 

675 

47 

184 

8.2 

25 

41 

5 

6 

7.3 

pore distrib 

2 S 

3 ZD 

a. a 
Z 

15 

14 

187 

187 

6 

6 

450 

450 

22 

18 

133 

144 

8.3 

8.5 

11 

38 

36 

40 

4 

5 

7 

12 

5 

3.5 

6.6 
o r 

Pyrex Wall Liner 
Pyrex Wall Liner 
7.6"bed hole in SS Distrib 

o 

33 CJ 


24 

223 

18 

751 

26 

450 

47 

0 

123 

3 

17 

Mullite wall liner, temp 

O 

HH »-t 

X z 
w 


18 

229 

4 

837 

16 

262 

3.4 

30 

32 

9 

20 

2 . 5 

pulse> 1000°C 

CO 

51 COATED 

17 

187 

6 

500 

24 J 

130 



3. 1 


19 

21 

7 

2 

0.5 

Wall liner extends to dist 
io TC's in bed SS dist 110K. 


NOTES : 

1. Bed Temp, and electrical data are mean values for test period 

2. 15K Hz frequency 

3. Porous quartz distributor plate 

4. 6" bed height 

5. For test No, 10, 12-15, 518 wall liner stops 1.5" above distributor 

6. 0.5" dia S.S. Electrode 


SINTERED PARTICLES, PERCENT/DAY 







To eliminate problems with the thermocouples in the elec- 
tric field, most of the remaining tests were conducted with deeper beds of 
about 8 inches. The electrode was positioned near the top of the bed. Tests 
were conducted at higher temperatures and low load impedance. The higher 
sintering rate for Test No. 18 was the result of a hot spot in the bed caused 
by the field between the electrode and a thermocouple sheath. For Test No. 24 
the high sintering rate was mainly caused by the abnormally high U/U^ which 
was required to maintain a fluidized bed with a defective distributor plate. 

Matching the load to the power generator was not dependent 
on the frequency in most cases, an indication that circuit reactance was not 
large. Tests with plain stainless steel electrodes performed equally well 
at any frequency from 8K to 115 K hz. Marginal improvement was obtained with 
the coated electrode tests when operated at high frequency. This would be 
expected since coating the electrode builds reactance into the circuit. 

Based on the results of these tests, it is concluded that 
the fluidized silicon bed was at least a 90% resistive load as indicated by 
the average phase angle of 24°. 

A U/U^ of 3 to 4 was satisfactory for tests conducted at 
temperatures up to 500°C. At higher temperatures there was some inconsis- 
tency. Test No. 18, with a temperature of 837°C, seemed to operate electri- 
cally stable at a U/U^ = 4, but a hot spot was present in the field. Test 
No. 19 (800 C) was conducted at a U/U m £ = 6 with considerable difficulty 
caused by erratic electrical performance. For Test No. 20 the bed height 
was increased to 8 inches so that the electric field could be established in 
a region without thermocouples. At the inital U/U^ of 6, erratic electrical 
operation was experienced. The velocity was increased in increments until 
stable performance was obtained at U/U m f of 7.5. The test then ran very 
smoothly until it was discontinued after 45 hours. Test No. 25 was conducted 
at an average of U/U m f of 9, but there is evidence that the necessity for the 
higher velocity was the result of leakage around the distributor plate which 
caused poor fluidization at the center of the bed. The argument for a higher 
U/U f at higher temperature is supported by Test No. 20. 
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A comparison of tests of known field length shows that a 
relationship exists between the field potential gradient and the bed velocity 
ratio in the region of the electric field. This is shown in Figure 6.40 
based on the average test values. The test numbers are given in parenthesis. 
The beds were all about the same mean particle size. It may be possible to 
develop a more accurate relationship using actual test data points. The 
field potential gradient may also be a function of particle size but there 
was not enough data available to establish this. 

b. Bed/Wall Temperature Difference 

One of the objectives of this program was to demonstrate 
that the silicon bed could be operated at a temperature higher than the re- 
actor wall. To establish a favorable temperature gradient, the guard heaters 
were located on a shield spaced about 7/8 inch from the reactor wall. The 
space was filled with a ceramic fiber insulation. In operation, the shield 
temperature was adjusted to be. approximately 50°C less than the reactor wall 
temperature. Capacitive heating was used to increase the bed temperature 
above that of the reactor wall. 

The steady-state temperatures recorded for Test No. 20 are 
presented in Figure 6.41 which is representative of tests conducted with the 
electrode at the top of the bed and an input power of about 200 watts. While 
this geometry was used to avoid the presence of thermocouples in the electric 
field, it is also recommended as the preferred arrangement for the fluid-bed 
pyrolysis reactor. 


c. Electrical Characteristics 

Startup of the electric field requires going through a 
transition from high voltage and low current to low voltage and high current 
to achieve the required power input to the fluid bed. This may be described 
as a transition from a high impedance to a low impedance load and it increases 
the requirements of the matching transformer network. As an aid in making 
this transition, the electrode assembly should include a method of adjusting 
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ELECTRODE TIP POSITION 


the electrode gap so that the field length can be very short at startup. 

After operating power has been established, the electrode gap can be increased 
and the matching transformers adjusted to obtain the condition necessary for 
a low sintering rate. 

Test No. 16 was devised to determine the behavior of an elec- 
tric field in a fluidized silicon bed. The bed thermocouples were removed so 
that a pyrex wall liner could extend down to a porous stainless steel distri- 
butor plate which also served as a ground electrode. The 0.5-inch diameter 
power electrode was positioned at various heights above the distributor. The 
test was conducted at two temperatures with the results shown in Figure 6.42. 

A constant input power of 100 watts was used and the fluidizing media was 
nitrogen. Each 400°C point represents an average of several test measurements 
at each electrode spacing. For the 20°C curve, each point represents a single 
measurement. The data shows that the field area decreases as the electrode 
spacing is increased and that there is a great deal of variation in field area 
during operation. The difference between the two curves is related to the 
properties of the fluidizing media. 

Electrical measurements were also made with a pair of 1-inch 
diameter stainless steel . electrodes in a 6-inch diameter column at room tem- 
perature. In this case data were collected as a function of electrode spacing 
using two different fluidizing media, nitrogen and helium. The gas pressure 
and velocity were also varied. 

The results are shown in Figure 6.43. Data were also col- 
lected for U/U m £ up to 4, bed penetration up to 24 cm, and power up to 250 
watts. The load impedance is very dependent on the fluidizing gas. These 
results are for the operating condition existing after the transition to low 
voltage has been attained. As would be expected, the impedance increased 
with electrode spacing for both gases. For helium, the impedance increased 
linearly at an average rate of 650 ohm/cm and there was an extreme variation 
in the field. Nitrogen results indicate a non-linear relationship with a 
rapid decrease in field area for the first 2 cm of electrode spacing. Also, 
the field in nitrogen shows less variation at all spacings. 
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FIGURE 6.42 Test No. 16 - Electrical Properties Load Impedance 
Vs. Electrode Spacing 
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Tests showed that for a given electrode spacing, increasing 
the input power decreased the load impedance indicating that the field area 
may have increased. The change could also be related to an increasing 
fluidizing gas temperature in the electric field at the higher input power. 

With helium it was also possible, under certain conditions, 
to establish a gaseous discharge between the electrodes above the bed by 
increasing the power. This could then be extinguished by increasing the 
electrode penetration into the bed. 

For a static bed, once the transition phase to low voltage 
has been exceeded, a permanent shorted path of sintered silicon particles 
is formed. Subsequent application of power results in current flow as soon 
as the voltage is applied. 

A pulsating voltage condition is typical when operating with 
nitrogen. A steady voltage is typical for helium. For both gases, the 
startup voltage was 4 to 5 times more than the operating voltage. The oscil- 
loscope showed the load amps and voltage to be in phase after the breakdown 
voltage was exceeded. Before breakdown occurred, a large phase angle was 
observed. 


Recommendations 


Two electrode pairs with electrode diameters of 1 inch should be 
used in the 6-inch diameter fluid-bed pyrolysis reactor. The ground electrode 
should be designed so that it is offset from its rotational axis. Then by 
positioning it within a 90° arc, the electrode spacing (field length) may be 
adjusted with respect to the power electrode. This arrangement plus a 
matching transformer network with variable taps should permit tuning the load 
to match the power generator while at the same time optimizing the load im- 
pedance to minimize sintering. 
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Each electrode assembly should have its own power generator 
and matching transformer network for independent operation. A series in- 
ductor may also be required when using coated electrodes which add circuit 
capacitive reactance. 

It may be possible to satisfactorily heat the fluid bed with 
one electrode pair. However it's not known if the sintering rate would be 
acceptable. By having a second electrode circuit available, the input 
power can be divided and the current density reduced to achieve a lower 
sintering rate. 

1.6. 3. 2. 2 Particle Separation Tests 

The goal of the test program was to design a boot located below 
a fluid bed which will selectively segregate large particles for removal as 
product. This program was successful and an intra- company Engineering Memo- 
randum was prepared to document the results. A detailed summary of the test 
program is presented in the paragraphs that follow. 

Introduction 


The specific objective of these tests was to develop a technique 
for preferential withdrawal of coarse particles from a fluid bed of wide 
particle size distribution. In the current work, the pyrolysis reaction con- 
ditions of hydrogen at one atmosphere pressure and 680°C were simulated in 
a cold model using helium gas at 1/6 atmosphere. The separation of large 
particles having a mean diameter ratio 2 to 3 times greater than the bed 
mean size was demonstrated using a pipe of reduced diameters (boot) at the 
bottom of the 6-inch diameter column. An orifice-type separator was also 
evaluated and was found to be unsuitable. 

Tests were performed with binary particle systems, consisting 
of 20% to 33% larger particles in a bed of fines. This was followed by tests 
with beds of wide particle size distribution. Twelve of the thirteen tests 
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were performed with fluid beds which were reduced in both volume and mean 
particle size as silicon was extracted from the boot. For the final tests, 
the bed was maintained at a near constant size by periodically adding silicon, 
previously removed from the boot, to the column. In the final test, the pre- 
ferred coarse particle size was 51% to 61% of the bed. 

Conclusions 


Separation of coarse silicon in binary particle systems is poss- 
ible for coarse/bed particle diameter ratios of 2.55 and greater. Separation 
was not possible for a diameter ratio of 2.3 or less. Continuous separation 
of coarse silicon from a bed of wide particle size distribution was demonstrated 
using a 1.5-inch diameter boot separator (Figure 6.44). 

The velocity ratios were identified for a separator with a 1.5- 
inch diameter; these ratios covered a column U/U ^ range from 1.1 to 2.75 to 
simulate hydrogen at one atmosphere at 680°C (Figure 6.45) and also a column 
U/Umf for 1.1 to 2.25 to simulate hydrogen at 1.44 atmosphere at 20°C. 

Tests conducted with the terminal velocity orifice separator were 
not successful and the method has been rejected for this application. 

Discussion 


A schematic of the particle separation column is shown in Figure 
6.46. With this arrangement, fluidizing gas may be introduced at a transition 
cone through jets, and at the bottom of the boot section through a porous metal 
distributor; this permits velocity adjustments over a wide operating range. 

The column was designed for vacuum operation with the pressure controlled by 
means of a manual throttle valve and vacuum pump. Boot silicon samples, 
ranging from 300 to 500 grams , could be withdrawn through a tube at the bottom 
without interrupting the fluidization of the column. The samples were graded 
using ASTM screens and a RO-Tap shaker. The vacuum hopper shown was added 
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FIGURE 6.44 Test No. 13 - Separation Diameter Ration Vs. Fluidization Time 1.5" Diameter Boot 
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FIGURE 6.45 Velocity Ratios for Particle Separation with 1.5" Diameter Boot 
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for test No. 13 so that the bed could be maintained at constant volume by 
periodically replacing silicon without interrupting column fluidization. 

The various boot geometries studied are illustrated in Figure 
6.47. Initial tests with binary particle systems were performed with a 3- 
inch diameter boot. This was followed by tests with beds of wide particle 
size distribution using the 2-inch diameter boot separator and the orifice 
separator. Two orifice diameters, 7/16-inch and 1/4-inch were evaluated. 

Only marginal separation was achieved with the orifice separator. While the 
average orifice velocity may be high, the instantaneous velocity varies over 
a wide range allowing perculating of bed silicon through the orifice. Tests 
with the 2 -inch diameter boot separator were encouraging, and seemed to indi- 
cate that additional improvement may be achieved by further reduction in the 
boot diameter. 


An operational disadvantage of these tests was the reduction in 
bed volume, and in mean particle size over the test period. This made the 
demonstration of a continuous separation process difficult. Therefore, before 
continuing the tests with a 1.5-inch diameter boot separator, a vacuum hopper 
was installed at the top of the column so that silicon could be added period- 
ically without interrupting the column fluidization. The procedure used was 
to add 1000 grams to the column after the removal of two 500-gram samples 
from the boot. Initially, the first 10 pounds of silicon added to the bed 
had the same composition as the bed at the beginning of the test. After this 
quantity, samples removed from the boot were cycled back to the bed. The 
average bed composition was known at all times during the test period with 
the bed weight maintained between 48 and 50 pounds. 

Another serious limitation in the tests was that the fluid bed 
conditions in the boot could not be observed. To correct this problem, the 
1.5-inch diameter boot separator was fabricated from clear polycarbonate 
tubing with the transition cone being adapted from a 1000 ML transluscent 
plastic vacuum flask. The separator dimensions are shown in Figure 6.47. 

The results of the separation tests using the 1.5-inch diameter 
boot, presented in Figure 6.44, show that continuous separation was demonstrated 
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over a 15.5-hour test period with only one loss of separation occurring as 
indicated on the curve. This came about because the test was stopped immedi- 
ately after emptying the boot of coarse particles. Restarting at the pre- 
vious velocity resulted in a mixing type of slugging flow in the boot involving 
the entire boot length. To re-establish separation it was necessary to reduce 
the velocity at the top of the boot to a U/U m f = 2.5 for the bed mean particle 
size. Then, as the boot refilled with coarse silicon, the velocity was grad- 
ually increased to its operational value. Over two hours were required in 
this instance to recharge the boot with coarse silicon. For later tests, in 
which operating conditions were mapped, about one-half hour was the typical 
time required. 


Interrupting the test immediately after removal of coarse silicon 
changes the flow condition occurring in the boot. Normally a slugging flow is 
created at the top of the boot when smaller size silicon fills in to replace 
material extracted. The quantity of coarse silicon removed determines the 
distance of the slugging flow in the tube. This slugging is a plug type with 
sections up to 2 inches long that do not include the coarse silicon at the 
bottom of the tube. This type of flow results in the separation of fines, 
and a distinct coarse/mixed particle interface which progresses up the tube 
as coarse silicon is separated. Withdrawing more than 70% of the coarse sil- 
icon in the tube can also result in a mixing type of slugging flow involving 
the entire tube length with no separation occurring. 

Test No. 13 can be divided into three sections representing dif- 
ferent operating conditions. In the first section, the bed mean particle size 
decreased because the bed was replaced with new silicon of the original compo- 
sition. After this material was used, samples removed at the beginning of 
the test were cycled back into the bed, and the bed particle size stabilized. 
During this period, the U/U m f increased from 1.6 to 2.2. For the second sec- 
tion, the same column U/U m f was used, but the boot velocity was increased. 

At the top of the boot the U/U m f = 11.5 for the bed mean particle size. In 
the third section, the boot velocity remained the same, but the column U/U m f 
was increased to 2.7. Particle separation was achieved for all three condi- 
tions. The increasing velocity resulted in some increase in the boot mean 
particle size. However, the time required for the boot to refill with coarse 
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silicon was much greater at the higher velocity as shown by the decreasing 
separation rates noted in lb/hr for each section. The third section ex- 
cludes 2 hours to compensate for the period when separation was lost. 

Typical boot refilling times were respectively, six, eight, and fourteen 
minutes. Since the boot velocities were the same in sections two and 
three, the almost doubling of the refilling time appears to be caused by 
higher U/U m f at the bottom of the column. An average sample mass of 500 
grams was obtained from this test. 

Tests were also conducted to determine the operating condi- 
tions which will result in loss of separation after withdrawing 500 grams 
of coarse silicon from the boot. These tests were conducted with helium 
and nitrogen, and are equivalent to fluidization with hydrogen at 1 atm and 
680°C, and hydrogen at 1.44 atm and 20°C. Differences both in gas density 
and viscosity are included in calculating the equivalent performance. The 
results presented in Figure 6.45 for the helium case are applicable for the 
stated condition only. It is believed that this condition represents the 
maximum quantity that should be withdrawn for this boot geometry. Reducing 
the quantity extracted to 50% or less of the tube volume should shift these 
demarcation curves upward because the tendency towards a mixing type of 
slugging is reduced by the increased amount of coarse silicon remaining in 
the boot tube permitting an increase in velocity. The nitrogen tests indi- 
cate that the boot velocity must be reduced when increasing the U/U m ^ in the 
column, while the helium tests indicate this is not necessary. An explana- 
tion for the difference in performance cannot be given at this time. 

As a final test, the bed was depleted over the test period, 
using the 1.5-inch diameter boot separator. The objective was to demonstrate 
continuous separation for this operating condition. Over a period of 17.5 
hours the bed volume was reduced from 47.5 lb with a dp = 185p to 32.1 lb 
and a dp = 128y. The column U/U m ^ was maintained at 2 by periodically ad- 
justing the flow to compensate for the decreasing bed particle size. As the 
bed decreased in particle size, it was necessary to decrease the boot velo- 
city from an initial 0.75 ft/sec (9.4 U/U^) to 0.30 ft/sec (6.0 U/U at 
the end of the test in order to prevent a mixing type of slugging when a 
sample was withdrawn. Samples averaged 400 grams, and were 95% or more 
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coarse fraction particles. The average separation rate was 0.9 lb/hr 
whereas for test No. 13, the rate was 2.5 lb/hr. 

Visual observation of the flow conditions in the boot was 
necessary for the success of this test. 

Recommendations 


On the basis of these tests, a 1.5- inch diameter boot, as 
shown in Figure 6.48 is recommended for the 6-inch diameter fluid-bed 
pyrolysis reactor. This is similar to the plastic boot tested, except the 
tube length has been increased to 20 inches to compensate for the reduced 
volume of the porous cone distributor. Five hundred grams of silicon, 
dp = 500m, is equal to 65% of the tube volume, and is the larget quantity 
that should be withdrawn at one time. 

Three pressure taps are indicated. By measuring the pres- 
sure difference across two half lengths, the fluid bed operating conditions 
can be more accurately ascertained. When coarse silicon is extracted from 
the bottom, the U/U m £ at the top of the boot increases as the silicon par- 
ticle size in that region decreases. This results in a fluctuation Ap 
measurement across the upper tube increasing in amplitude. With the start 
of Ap fluctuations in the lower tube, the extraction should be terminated. 
As the tube refills with coarse silicon, and the flow changes from one of 
a slugging bed to minimum fluidization, the upper tube Ap measurement be- 
comes stable indicating that another quantity of silicon may be withdrawn. 

To avoid initiating a mixing type of slugging flow in the 
entire boot, the boot gas flow should not be interrupted immediately 
following extraction of coarse silicon. Restarting at the operational 
velocity may result in a mixing type of flow. If mixing is occurring in 
the boot tube, indicated by similar fluctuating Ap measurements in lower 
and upper halves, the velocity should be reduced to a U/U m f of about 1.5 
at the boot bottom. As coarse silicon starts collecting, the velocity can 
be slowly increased. In laboratory tests about one-half hour was required 
to attain operational velocity. A mixing type of flow, once started in 
the boot, did not show any tendency to self damp in laboratory tests. 
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FIGURE 6.48 Boot Particle Separator Recommended Design for 6" Reactor 
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1.6. 3. 3 


Evaluation - Fixed Bed/Fluidization 


This effort consists of the analysis of data from the fixed- 
bed deposition (1.6. 3.1) and inert gas fluidization (1.6. 3. 2) experiments 
for applicability for designing the fluid bed pyrolysis PDU. The data 
analysis resulted in the establishment of the base case conditions for 
the design of the 6-inch diameter fluid bed PDU. 


Silane feed concentration 

Bed temperature 

Mean particle diameter 

u / u »f 

Boot diameter 
Starter bed 


10 % 

650°C 

250 

4 

1 . 5 inch 
Acid washed § 
etched silicon 


It is expected that under these conditions, decomposition of silane in 
the fluid bed will be predominantly heterogeneous and decomposition mor- 
phology will be dense and coherent. 

1.6. 3. 4 Fluid Bed Pyrolysis (PDU) 


This work item consists of all efforts associated with the 
design, fabrication, and testing of an experimental fluid-bed to establish 
design data for an EPSDU-scale system. 

The fluid bed silane pyrolysis reactor is an attractive alter 
native to the free-space reactor for decomposing silane. A silane-hydrogen 
gas mixture is flowed through a heated fluidized bed of silicon particles. 
Heterogeneous decomposition occurs on the silicon particle surfaces and the 
particles grow up to about 1/3 of a millimeter in size. To allow for a con 
tinuous process, small seed silicon particles are periodically added to the 
fluid bed while the fully-grown particles are withdrawn through a particle 
separation boot. The advantages of the fluid bed are: 

• Silane pyrolysis/consolidation is performed in 
one step 
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• The product is free flowing and easily handled 

• Power consumption is small and the process is 
economically feasible if over 10% silane is fed 
at 630°C . 


The results and conclusions from the early work (fixed-bed 
work and inert gas fluidized bed testing) indicated that pyrolysis of 
silane in a fluid bed should be successful. A fluid bed design and fab- 
rication was completed in 1980. By January 1981, installation was com- 
pleted and after checkout, the unit was ready for operation in April 1981. 

This report describes the results of seven runs performed 
in April and May during which arc heating was attempted, silane added to 
the fluid bed and silicon deposited on fluid-bed particles. Due to bud- 
getary constraints, the PDU test program was not completed and the unit 
was temporarily shut down in May 1981. The program is scheduled to continue 
in fiscal year 1982 if adequate funding becomes available. 


Summary 

1. The successful startup of the fluid bed pyrolysis unit 
was demonstrated for silane feed composition up to 21%, fluid bed temper- 
ature of 540 to 685°C and bed velocities from 0.6 to 1.2 ft/sec (U/U m £ = 

4.5 to 7). No problems were encountered with agglomeration or plugging of 
the fluid bed particles. Powder formation was minimal and the morphology 
of the silicon coating on the bed particles was good. 

2. The temperature of the porous metal distributor cone is 
critical to the operation of the fluid bed unit. During silane addition, 
its temperature rose from 400 to 525°C. At these temperatures, silane 
pyrolysis is occurring on the distributor and deposited silicon eventually 
plugged the distributor plate. The distributor plate temperature must be 
kept well below 400°C for long-term operation (changes will be incorporated 
during the continuation of the program) . 


229 



3. Almost complete silane conversion (99.7%) was achieved 
when the fluid bed was 640 to 685°C and silane feed composition as high 
as 21% for a fluid bed height of 3 ft. 

4. During the two silane runs of about 6 hrs, many process 
parameters were changed, such as bed temperatures and silane feed composi- 
tion so that no long-term steady-state runs were made. Also, for longer 
runs, product withdrawal and seed additions would have been required to 
sustain continuous operation. Neither of these operations were attempted 

in the silane runs and continuous operation still remains to be demonstrated. 

5. Arc heating was attempted in a silicon bed fluidized with 
hydrogen. Difficulties were encountered in sustaining operation longer 
than 2 hours. However, while operational, arc heating did prove to be an 
effective method of additional bed heating and creating higher bed temper- 
atures than the reactor walls. Arc heating was not attempted with a silane 
feed. The results of the arc heating tests show that more development work 
is required before this mode of heating can operate for long lengths of time. 

6. Providing heat to the fluid bed through the reactor walls 
with electrical band heaters did not prove detrimental to fluid bed pyrolysis 
operation. Reactor walls showed no signs of excessive coating or wear. 
However, an operating time of 6 hours was too short to reach a conclusion 
on this type of heating. 
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PDU Description 


A P § I diagram for the fluid bed process development unit (PDU) 
is shown in Figure 6.49. Figure 6.50 shows the main features of the PDU. 

These are (1) a particle separation boot of ]%-inch diameter through which 
the fully-grown particles are removed, (2) a fluid bed reactor of 6-inch 
diameter where silicon particles are grown and heated, and (3) an expanded 
head of 18-inch diameter to prevent elutriation of the smaller particles. 
Before the effluent gases are vented, they pass through a 2-micron filter 
which traps the powder made by silane decomposition. 

Silane and hydrogen are blended in a process stream (Figure 
6.49) and then passed through a porous metal cone distributor to provide 
fluidization. As the silane heats, it decomposes into silicon and hydrogen 
and the silicon is deposited on the fluid bed particles. The superficial 
gas velocity in the fluid bed (U) is many times the minimum fluidization 
velocity (U^) . In the present series of tests, U/U m f varied from 4 to 8. 

The purpose of the high velocity is to prevent agglomeration of the parti- 
cles and also to effectively stir the bed material. Particle movement is 
essential, otherwise particle growth rate will not be uniform and continuous 
operation of the PDU depends on this parameter. 

Hydrogen gas in the boot fluidizes particles at U/U m f = 8. 

This prevents entry of particles smaller than 350 microns in diameter. When 
the boot fills with these particles, about half of the boot volume is with- 
drawn and collected in a product hopper. To make the process continuous and 
maintain constant bed height, small silicon seed particles of about 85 microns 
are added to the top of the boot and blown into the fluid bed where they will 
continue to grow. 
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Discussion 


Powder Formation 

Some powder or dust was made during silane decomposition Runs 5 
and 6. At the end of Run 6, the filter hopper was removed and 53 grams was 
collected. This amounts to 1.6% of the silicon made by pyrolysis of silane and 
is, thus a very small fraction. Powder formation was manifested by increasing 
pressure drop across the porous metal filter. This is shown in Fig. 6.51. 
During Run 5 when the bed temperature and silane feed composition were low, 
there was no increase of filter AP with time. However, when the feed in- 
creased to 10% silane and the fluid bed was hotter, there was a AP increase 
with a slope of 20 inches of water per hour. This indicates the formation of 
powder. As shown in Figure 6.51, powder was made all during Run 6; the slope 
was 24 inches of water per hour. It is interesting to compare the results 
of Runs 5 and 6 with the critical silane concentration curve determined in 
the fixed bed work. This is given in Figure 6.52. The high fluid bed tem- 
perature part of Run 6 lies entirely in the homogeneously decomposition 
region of Figure 6.52, but powder seems to be made whenever the silane com- 
position exceeded 10% as evidenced by the filter pressure drop curves in 
Figure 6.51. The amount of powder made is still at an acceptable level. 

Silicon Mass Balance 

The fluid bed silicon particles were weighed before and after 
silane addition. 


42.4 lb before silane addition 

49.6 lb after silane addition (including wt. of powder 
collected in filter) 

7.2 lb silicon net gain 

The amount of silane that entered the bed was measured. Since 
the effluent silane composition was determined by a thermocouple cell, the 
amount of silane leaving the fluid bed reactor was calculated. The results 
are shown below: 

Run 5 Silane into fluid bed = 26.68 SCF (70°F, 1 atm) 
Silane out fluid bed = 9.05 SCF 

Silane Reacted 17.62 SCF 
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Run 6 Silane into fluid bed = 86.55 SCF 

Silane out fluid bed = 3.20 SCF 

Silane Reacted = 83.35 SCF 

Silicon made = 6.05 lb 

Total , silicon made = 7.33 lb 

from Runs 586 

The calculated total of silicon made compares very well with 
the measured amount of silicon gained in the fluid bed. 

Bulk Density and Void Fraction 

The silicon particle bed bulk density can be calculated when 
the bed length and weight are measured. During Runs 5 and 6, the expanded 
fluid bed height was calculated by means of the fluid bed' pressure drop 
readings. The void fraction, e , i >und by the following relationship. 

bulk density 

1 

silicon particle density, 
145.5 lb/ft 3 


Bed Weight Bed Height Bulk Density 


Run No. 

lb. • 

inches 

lb/ ft 3 

e 


2 

44.8 

30.0 

81.2 

.44 

settled bed after 
Run 2 

5 

42.4 

29.5 

78.0 

.46 

poured bed before 
Run 5 

6 

49.6 

31.8 

85.5 

.41 

settled bed after 
Run 6 

6 

43.7 

33.6 (calc) 

71.6 

.51 

fluidized bed before 
silane addition 

6 

49.6 

36.0 (calc) 

76.3 

.48 

fluidized bed at end 
of silane addition 
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Silicon Particle Micrographs 


Scanning electron microscope (SEM) micrographs were taken for 
the fluid bed silicon particles before and after silane addition. These are 
shown in Figures 6.53 and 6.54. A high magnification of the silicon deposit 
shows a nodular type of growth; some of the smaller nodules approaching 0.2 urn. 
There appears to be good adhesion of the coating to the silicon particle sur- 
face. 


A sample of the material trapped in the filter after Run 4 is 
shown in Figure 6.55 . It contains the debris material seen on the particle 
surface as in Figure 6.53 and possibly dust created by particle attrition. 
In Figure 6.56 the filter material has an entirely different appearance. 
This is the result of powder formation during silane addition. Most of the 
powder is formed in balls from 1 to 15 ym with the smaller particles having 
sizes around 0.1 ym. 


In order to measure the thickness of the silicon coating on the 
fluid bed particles, a sample of the bed material after Run 6 was mounted, 
polished and then etched with a HF and nitric acid solution. The results are 
seen in Figure 6.57. It is encouraging that the silicon coating (from SEM 
pictures) appears uniform on all the particles, regardless of particle size. 
This indicates a constant growth rate. Figure 6.58 is a higher magnification 
of the silicon deposit which is measured to be 5 to 7 ym on the micrograph. 


The thickness of the silicon deposit can be estimated with the 
following relationship: 


l 


W 


Si 


W r 


D 0 

- i - - s - where Wg^ = weight of silicon deposited 

^ W D = weight of bed 

D 


& = 4.9 ym 

W c . = 7.2 lb 

Si 

W D = 42.4 lb 

D 


273 ym 
.63< 2 > 


This is close to the measured value of 5 to 7 ym. 
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Figure 6.56 
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Silicon Particle Growth Rate 


The particle growth rate is assumed to be constant and equal to: 
_3r _ R_ 

9t P p\ 

r = particle radius 

t = time 

R = silicon production rate, lb/hr 

Pp = silicon density, lb/ft 3 

2 

Ay = total surface area of bed, ft 


It can be shown that: 


Ap 


6 W„ 


D 0p 

P P 


where W D 

D 

Dp 

0 


total weight of silicon bed 
diameter of initial silicon particles 
particle shape factor 


2 

The average bed surface area is 3362 ft . The average silicon 
production rate is 1.26 lb/hr. Therefore, 

— = 0.8 ym/hr 

3t 

The measured silicon coating averages 6 ym. Over a 5.7 hr silane 
feed time, the actual average growth rate is 1.1 ym/hr. Since the silane 
addition was not performed at a steady-state condition, the growth rate varied 
during the runs as the silane concentration and flow were changed. Therefore, 
the calculated and measured growth rate numbers, shown only for comparison, are 
reasonably close. 
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Conclusions 


1. Electrical heating bands placed on the outside of a heat 
shield were found ineffective in heating the fluid bed. The highest temper- 
ature attained was only 350°C and the bed was not uniformly heated. 

2. The heat shield was removed and new band heaters were placed 

on the outside wall of the 6" reactor pipe. This type of heating was successful 
in reaching a bed temperature of 685°C. 

3. Arc heating was tried in two runs. This mode of heating was 
effective in raising the fluid bed temperature from 50 to 100°C over its ini- 
tial bed temperature by the application of 400 to 1600 watts of high frequency 
power to a pair of electrodes immersed in the fluid bed. Arc heating also 
created bed temperatures that were 10 to 40°C warmer than the reactor walls. 

In both of the above respects, arc heating produced the desired results but 

it had many deficiencies: 

• It was difficult to initiate the arc. It was found 
that the gas velocity in the fluid bed had to be re- 
duced considerably and the electrodes clean and almost 
touching. 

• After the arc was on, a power inbalance in the load and 
power supply resulted in unstable operation. 

• The stainless steel electrodes were severely pitted 
after only a few hours of operation. 

• A quartz liner, which surrounds the electrodes to pro- 
vide isolation from ground, was found broken after each 
test . 

• Large sintered particles were found when arc heating was 
operated at a U/U m £ of 2.5, some as large as h. inch. 

Less sintering was found when the gas velocity was in- 
creased to a U/U m f of 5. 
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• Arc heating was only tested with a hydrogen 
environment. It still is not known how silane 
will affect electrode operation. 

4. In two tests silane was added to a fluid bed heated only 

by external band heaters. Overall, the runs were successful for the condi- 

tions used in the tests. 

• There was no plugging or agglomeration of the 
silicon particles in the fluid bed. 

• Silane feed was on for a total time of 5-2/3 hours. 

• The upper bed temperature ranged from 575 to 685°C. 

• The silane feed concentrations ranged from 1 to 21%. 

• The superficial gas bed velocity varied from 0.6 to 
1.2 ft/sec which corresponds to a U/U m p of 4.5 to 
7.0. 

• The conversion of silane into silicon was from 57 
to 99.7%. 

• The silicon production rate was calculated to be 
from 0.2 to 2.1 lb of silicon per hour. 

• SEM micrographs of the coated silicon particles showed 
good morphology. 

• The inner walls of the fluid bed reactor pipe were 
seen to be clean and free of any deposits. 

5. There was a good silicon mass balance. The amount of 
silane used in the reaction was calculated from silane flow rate data. The 
quantity of silane in the effluent gas stream was subtracted and the net 
silane converted amounted to 7.3 lb of silicon. The silicon fluid bed parti- 
cles were weighed before and after the silane addition and the bed weight gain 
was 7.2 lb. 
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6. Some powder was made at the higher bed temperature but still 
small in quantity. The power collected in the filter hopper amounted to 1.6% 
of the silicon mode. 

7. The temperatures recorded by a thermocouple contacting the 
distributor cone showed high temperatures. At the start of silane addition, 
temperatures were around 400°C, eventually reaching 525°C at the end of the 
run. This caused silane decomposition and a gradual rise in distributor 
pressure drop was noted during the tests leading to run shutdown. 

Recommendations 


1. A modified design of the distributor cone is required that 
can provide adequate cooling to keep its temperature below 400°C. A water- 
cooling jacket was provided in the present design, but it proved insuffi- 
cient . 


2. A new type of electrical heater is required which is rated 
for continuous operation at 750°C. Although the band heaters used in the 
present experiment were rated for 650°C, they were used well above the 
rating. 


3. The temperature control on the reactor wall was divided 
into three zones; top, middle, and bottom with each zone regulated by a 
temperature controller. More zones are required, especially at the bottom 
of the reactor. This may help control lower bed temperatures and in turn, 
provide lower distributor temperatures. 

4. Additional cooling of the 6-inch flanges holding the dis- 
tributor may be an alternative method of providing lower distributor temper- 
atures . 


5. Another method of providing direct heat to the top of the 
fluid bed may be by the use of an immersion heater. Some types are avail- 
able which operate at 1300°C. 
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6. It is possible to add 2 feet to the fluid bed length by 
installing a flanged spool piece on the bottom of the reactor. This section 
could be operated much cooler than the upper present section of fluid bed; 
i.e., 300 - 350°C and help maintain lower distributor temperatures. The 
disadvantage is that the present product sampling line that exists on the 
unit must be removed. 

7. Some of the pressure taps into the fluid bed plugged after 
many hours of silane addition. Some bed material was found in these lines. 

At present, a flow of hydrogen in these lines acts as a purge. Either the 
purge flows must be increased or some other method must be used to prevent 
plugging. 

1.6.4 QUALITY CONTROL 

This task included all activities associated with the development 
of quality control equipment, techniques, and procedures for use during EPSDU 
operations. 


For control of silane and silicon quality in the EPSDU, analytical 
tests were developed for detection of trace quantities of harmful contaminants. 
These tests included methods for detecting boron, phosphorous, and hydrocar- 
bons in silane; improved and consistent rapid electrical tests of silane 
purity by epitaxy; and bulk deposition of silicon on a seed rod followed by 
float-zone leveling and resistivity profiling. 

A review was conducted of the stream analyses required during EPSDU 
operation for data collection. These analytical requirements are in addition 
to the tests to be performed on the silane and silicon products for purposes 
of quality control. Based on this review, a schedule was developed listing 
the analyses required, streams to be sampled, and equipment and supplies 
necessary to perform the required tests. A total of 66 individual sample 
points were identified. To provide mass balance and reaction kinetic data on 
the reactors and the distillation columns, six points per unit of equipment 
were provided with a sample volume buffer so that all six samples may be 
taken at one time and analyzed sequentially. The system will allow small re- 
presentative samples to be taken while minimizing material loss and handling 
difficulties with highly reactive materials. 
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From the list of required analysis, existing analytical methods 
were identified which were most appropriate and from this list groupings 
were made to minimize the number of equipment items required. Finally, a 
proposed equipment list was developed and a laboratory layout was prepared. 
Basically, all major components of all streams will be analyzed by a gas 
chromatograph. Trace levels of gas in silane or other non-chloride containing 
gases will be analyzed on a second chromatograph. Liquid and solid silicon 
will be analyzed for low ppm levels of metallic impurities in flameless atomic 
absorption spectroscopy. Traces of boron and phosphorus in chlorosilanes to 
sub-ppb levels will be analyzed by UCC's proprietary wet chemical method, 
using a UV spectrometer. A silicon flake will be analyzed by melting in a 
high-purity thin-wall quartz crucible and measuring the resistivity of the 
cast pellet. The slim-rod reactor, epitaxial reactor, and float zone refiner 
are incorporated into the facility for the determination of the silane and 
product silicon quality. A core drill has been included in the equipment 
list so that samples can be taken from the product ingot and zone refined 
prior to electrical measurements. The preliminary laboratory layout. Figure 
6.59, shows an arrangement with a separate center section for the float-zone 
refiner. 


1.6. 4.1 Silane Analysis - Slim Rod Deposition 

The purpose of the slim-rod reactor is to monitor the purity of 
silane by pyrolyzing the silane and depositing the silicon onto high-quality 
silicon rods, 9 mm in diameter x 140 mm long, from a 2 mm square silicon seed 
rod in less than 8 operating hours. The rod is suitable for float zoning and 
electrical characterization. 

1.6. 4. 1.1 Design Criteria 

The most important criterion in designing the slim rod reactor is 
its ability to quickly assess silane purity in a routine manner by a moderately 
skilled technician. The silicon deposition time must be minimized since it 
can be a very time-consuming operation. This indicates that a small seed rod 
is preferred over a large one due to essentially a fixed linear growth rate 
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FIGURE 6.59 Proposed EPSDU Quality Control Laboratory 
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of 4 to 10 vim per minute depending on the temperature and the reactant con- 
centration. For example, the time required to deposit 90 percent new silicon 
is about 5 hours with a 2 mm diameter seed rod vs. 11 hours with a 5 mm dia- 
meter seed rod at a growth rate of 8 ym per minute. The resulting rods would 
be 6.3 and 15.8 mm diameter, respectively. Thus, the slim-rod reactor will 
convert to 2 mm diameter x 225 mm long seed rod into a 6.3 mm diameter poly- 
crystalline rod ready for float zoning. The float zoning time is also dia- 
meter-dependent. It should take under 8 hours for a standard seven-pass 
operation of the 6.3 mm x 225 mm rod. 

A fast and simple operation must be accomplished by purity main- 
tenance throughout. All hot sections of the apparatus should be constructed 
of low vapor pressure, non-contaminating materials. The remaining sections 
should be made of materials having very low affinity for sorbing gases. Thus, 
the reactor shell, electrodes, and reactant supply piping will be made of 
stainless steel, water-cooled where necessary. The chucks, which hold the 
silicon seed rod to the electrodes, will be molybdenum which exhibits very low 
vapor pressure at the expected 1000°C operating temperature, and also possesses 
good thermal and electrical conductivity. 

1.6.4. 1.2 Reactor Description and Preliminary Testing 

The reactor components are arranged in three discrete modules 
(Figures 6.60 through 6.62): 

• Power module - which consists of a 36 volt DC power 
supply and a ballasted 208 volt AC variable transformer. 

• Control module - which consists of the analog recorder, 
infrared temperature controller, mass flow controller, 
meter relay, power control, and Gowmac thermal conduc- 
tivity detector. 

• Slim rod reactor - includes the main chamber, supporting 
structure, and gas and water plumbing. The silicon seed 
rod is supported vertically between heater-cooled electrodes 
contained within a water-cooled bell jar. 
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FIGURE 6.61 Slim-Rod Reactor for Silane Quality Control 



The reactor shell is constructed of 12 gauge 304 SS and is wrapped 
with 1/4-inch copper tubing for water cooling. A Kovar glass view port is 
provided for the infrared temperature controller to sense and monitor the 
temperature of the silicon rod. The reactor internals consist of water- 
cooled upper and lower electrodes made of 304 SS, the molybdenum chuck to 
support the silicon rod, and the gas entrance connections. The reactor is 
designed to be operated from slightly above atmospheric pressure to a few 
millimeters of vacuum. 

The addition of hydrogen, silane, and dopant (when used) gases 
are controlled by mass flow control valves. The gases are mixed in the gas 
delivery system before entering the reaction chamber. The silicon seed rod 
should be of modestly high purity to avoid gross contamination of the final 
rod, but yet have enough impurity to be conductive at voltages available in 
the laboratory. The resistance of silicon drops rapidly with increasing tem- 
peratures above 100°C. Therefore, the rod is preheated with the ballasted 
208 volt AC variable transformer to overcome the resistance of the rod, 
thereby providing enough conduction through the high-purity silicon seed rod 
to heat it to the point where the low-voltage, high-current, DC power supply 
can operate. The silane gas entering the reactor is pyrolyzed on the seed 
rod depositing the silicon. 

Several proving runs were conducted in the slim-rod reactor to 
define the rod operating temperature and the silane flow rate which yielded 
uniform silicon growth while minimizing amorphous silicon formation. Growth 
at 950°C showed a smooth uniform surface texture, while at 1050°C the growth 
was significantly more nodular. Brown amorphous silicon deposits were more 
pronounced at the higher temperature. At 950°C rod temperature, the amor- 
phous deposits do not appear to be a significant problem. At these rod tem- 
peratures, the bulk gas temperatures were always below 150°C due to the 
large cooling effect of the reactor wall. 

The silane flow was increased until brown powder formation was 
observed and then it was decreased slightly. At this point a trace of yellow 
color was observed in the burning off-gas indicating a small amount of on- 
reacted silane in the effluent. At 950°C the silane flowrate was 15 cc/min; 
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at 1050°C the rate was 10 cc/min. The composition of the effluent was not 
measured because the thermal conductivity cell was not operational. 

Several problems were identified during these proving runs. A 
substantial amount of silica found around the observation port was traced 
to a small leak in the flange gasket. Poor and erratic ohmic contact between 
the molybdenum chucks and the water-cooled electrodes resulted in short-term 
voltage spikes which blew the instantaneous type fuses in the low-voltage 
DC power supply. These fuses have been replaced with a time-delay type, and 
better contact has been made at the chucks. 

The unit was unable to heat high-purity silicon seed rods without 
substantial external preheating. The unit was designed to utilize 2 mm 
square by 140 mm long rods of nominally 60 ft cm silicon. That type of seed 
should be heated by a 200-volt source. The available seed rods were unable 
to be heated by direct resistance heating unless the length was shortened 
to 89 mm and the impressed voltage was increased to 600 volts. Those rods 
had a measured resistivity in excess of 500 ft cm. The power dissipation re- 
quired for a "cold start" is about 3.2 watts. The "normal" seed rods planned 
for use and currently being prepared have a 60 ft cm resistivity and a 3 mm 
cross section. 

An auxiliary heater was used to heat the seed rods to about 900°C 
where the rod resistivity is low. The voltage drop across the rod was less 
than 3 volts initially but increased to about 90 volts within a few minutes. 
Again, high-contact resistance is suspected. In addition, the rod bowed 
significantly because the slots in the molybdenum chucks failed to allow any 
linear movement of the expanding silicon filament. To resolve these defi- 
ciencies, high-purity graphite chucks will be prepared. These provided low 
contact resistance and were soft enough to allow for expansion of the silicon 
seed. 

1.6. 4. 1.3 Summary of Tests 

Polycrystalline silicon rods were routinely grown in the laboratory 
slim-rod deposition reactor. Using undoped, pure silane feed gas depositing 
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onto a 3 mm square x 150 mm long seed rod, a polycrystal rod of 8.25 mm 
square was grown in 14 hours. The average deposition rate in successive 
runs was nominally 1.0 gram/hour at 850°C deposition temperature. The bulk 
resistivity of the deposit was 253 ft cm with a variation of 16 ft cm along 
the rod as measured with a col inear four- point probe. Surface quality of 
the deposit was good. The growth was uniform over the length of the rod 
with a rounding off at the ends. No growth of silicon was evident on the 
water-cooled carbon chucks and, as shown in Figure 6.63, the end of the 
original substrate could be removed intact from the chuck. This provides 
a convenient, concentric mounting point for subsequent zone refining. 

To complete the sequence as a quality control analytical method, 
the polycrystal rods were subjected to multi-pass zone refining and the re- 
sistivity profile measured along the resulting crystal. The fresh silicon 
deposit was intimately mixed with the seed during zone melting. The ratio 
of fresh silicon to seed was greater than 5.1. The quality of the first 
three polyrods grown defined the baseline silane quality. 

During the growth, runs were not performed as the major activity 
but were to identify and resolve sources of contamination in the reagent gas 
supply system, portions of which are common to both slim-rod and epitaxy 
reactors. We previously established all parameters for routine uniform 
growth of silicon on heated seed rods from silane and further runs at this 
point, while adding to our experience factor, would have diluted our efforts 
toward resolving the silane purity problems. 

The final experimental work using the slim-rod pyrolysis reactor 
was completed. A series of runs was made using silane having controlled 
concentrations of diborane or phosphine after a series of three runs using 
undoped silane were made to establish baseline quality. The objective of 
this program was to develop a technique which could be used to convert a 
sample of silane into a desirable form of silicon of equivalent quality 
which could be analyzed by standard techniques used by the industry; namely 
multi-pass float zone refining and resistivity profiling. 
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Three 14-hour growth cycles were made using high-purity silane 
gas. This gas had previously been used in the epitaxial reactor where film 
resistivities of > 150 ^ cm N-type had been measured indicating that the 
source gas was of high quality. The polysilicon growth onto the 3 mm square 
float-zoned single-crystal seed rods was smooth and uniform. The average 
rod diameter was 8.25 mm; the new silicon constituted 87% of the resulting 
rod. The resistivity of the rod, measured using a 4-point probe, was 250 ^ cm. 
This indicated that no gross impurities were present although more accuracy 
would require conversion of the polycrystal silicon rod to single crystal. 

Three growth cycles were made with phosphine and three with di- 
borane dopant gas mixed into the silane at various levels from 2 to 20 ppb. 

The dopant was injected into the silane after diluting the 50 ppm source gas 
with H2. Again, 14-hour growth cycles yielded 8.8 mm diameter rods containing 
87% new silicon. 

1.6. 4. 2 Silane Analysis - Direct Measurement 

1.6. 4. 2.1 Hydrocarbon Analysis 

The development of a method for quantitative analysis of silane 
for parts-per-billion levels of methane, ethane and ethylene was completed. 

The use of an Ascarite (powdered sodium hydroxide) column to block passage 
of silane followed by a silica gel column to separate the hydrocarbons has 
been used to chromatographically analyze silane for methane, ethane, and 
ethylene. The limit of detection for methane is estimated at less than 100 
parts-per-billion. The trace level analysis of silane for hydrocarbons will 
be useful in assessing the performance of the gas stripping column in EPSDU 
as well as providing a means of monitoring the performance of the final 
silane distillation column. 

1.6. 4. 2. 2 Phosphine Analysis 

The determination of trace levels of phosphine in silane can be 
achieved with a detection limit of about 6 parts-per-billion (ppb) utilizing 
a gas chromatograph with a photoionization detector. This method should be 
utilized to augment other analytical techniques for silane quality control 
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in the planned 100 MT/Yr silane-silicon EPSDU. The detection of low levels 
of diborane by chromatographic separation from silane was not successful. 

The Union Carbide Corporation process utilized the high vola- 
tility of silane advantageously as a means for removing harmful impurities 
through conventional distillation. One of the closest boiling impurities 
potentially present in silane (boiling point -112°C) is phosphine (boiling 
point -87.4°C). Phosphorus is an extremely potent donor-type impurity in 
silicon and is not easily removed by normal unidirectional freezing methods 
during crystal growth (segregation coefficient = 0.35). Rapid, high-sensi- 
tivity analysis of the silane intermediate provides important advantages for 
control of silicon quality and trouble-shooting for trace contaminants. 

Measuring the level of phosphine in silane in the low part-per- 
billion range is important for assessing the performance of the final silane 
distillation column, correlating silane quality with final silicon quality > 
or providing a means for on-line doping to achieve consistent quality silicon. 

The determination of trace quantities of electrically-active 
impurities in silane and chlorosilanes has been historically performed by 
deduction from the resistivity value of silicon films produced by decomposi- 
tion of the silane in question. Other methods, such as substoichiometric 
separation - isotope dilution mass spectroscopy, low temperature infrared 
spectroscopy, and wet chemistry methods have been proposed, but all require 
the use of expensive equipment, time-consuming standardization, or preconcen- 
tration steps. The purpose of this present work was to develop an analytical 
technique which was rapid, quantitative, and capable of ready application to 

on-line quality control of silane purity. 

\ 

A chromatographic technique was developed which can determine 
the level of phosphine in silane at a detection limit of about 3 parts-per- 
billion. The heart of the technique is the use of a photoionization detector 
which is particularly sensitive to phosphine. A GOW-MAC 550 chromatograph 
was equipped with an NHu, 10.2 electron volt photoionization detector operating 
at 120°C. The separation column was 6 feet of 1/8-inch O.D. stainless steel 
tubing packed with Poropak P, 60-80 mesh. At an oven temperature of 50°C 
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and 24 cc/min helium carrier flow, a 0.5 cc sample of 13 parts phosphine in 

helium was eluted in 1.46 minutes (Figure 6.64). The total area of 829,679 

13 

corresponds to a response of 8.42 x 10 area counts/gram of phospine. Elu- 
tion time and volume were reproducible. 

A gas blend of 1 ppm phosphine in silane was prepared. The chroma- 
tograph of this sample, Figure 6.64, clearly shows the silane elution at 0.92 
minute followed by the phosphine peak at 1.42 minutes. In this case, the 
integration calculation utilized a "tangent skim" method since the large silane 
volume has not been completely eluted. Using the same sensitivity factor deter- 
mined for the phosphine-only case, the calculated quantity of phosphine was 
determined to be 1.142 ppm. Thus, it was confirmed that in the presence of 
silane, phosphine in trace levels can be separately eluted, that the sensitivity 
of the photoionization detector to phosphine is unaffected by the presence of 
silane, and that the "tangent skim" method of peak area determination is satis- 
factory. 


For part-per-billion levels of phosphine, the sample size could 
be increased to 1.0 cc. Samples larger than 1-2 cc would not be as effective, 
because they would tend to overload the column and wash out the sensitivity. 
Assuming a 1.0 cc sample size and an ultimate sensitivity of 200 area counts 
for the "tangent skim", the limits of detection of phosphine would be 3 ppb. 


1. 6.4.2. 3 Boron Analysis 

Chromatographic determination of low levels of diborane in silane 
was not successful. To establish the type of chromatographic column which 
would quantitatively elute diborane and to establish detector sensitivity, 
gas mixtures containing 1% diborane in helium and 1% diborane in silane were 
prepared. Since diborane is extremely reactive with moisture, care was taken 
to thoroughly dry the helium carrier gas, column packing, sampling valve, and 
associated plumbing. The first problem encountered and solved was that a 
simple, hot-wire type thermal conductivity detector exhibited a non-reprodu- 
cible response to diborane. Detector sensitivity varied with the sample 
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type 


FIGURE 6.64 Trace Phosphine Detection 
by Chromatographic Method 
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injection frequency. A switch to a thermistor-type detector, which operates 
at a much lower temperature, appeared to solve that problem so that a repro- 
ducible detector response was measured for a given quantity of diborane in- 

_7 

jected. With a sensitivity of 500 area counts/10 gm of diborane on the GOW- 
MAC 500/HP 3388 unit used, this provided an ultimate detection limit of 50 ppm. 

Several column packings were evaluated first to achieve a delayed 
(with respect to the carrier gas flow), yet quantitative elution of diborane, 
and then later to achieve a differential elution volume between diborane an 
silane. Since diborane is thermally unstable, a low temperature control system 
was provided to evaluate chromatographic separation at temperatures as low as 
-40°C. 


COLUMN PACKING EVALUATION FOR DIBORANE 



Mixture 

Packing 

Diborane/Helium 

Diborane/Silane 

Carbopack 

No elution 

- 

Silicon Oil 

No elution 

- 

Dioctylphthalate 

OK 

No separation 

Poropak QS 

No elution 

- 

n-hexadecane 

OK 

No separation 


All tests were performed over a temperature range of -40°C to 

+40°C. 


Since these column packings cover a broad spectrum of polarity 
and activity, the chance of finding a suitable system for achieving good separ- 
ation did not appear promising. Reactive techniques similar to those applied 
to the determination of hydrocarbons in silane do not work well with diborane 
since diborane, rather than the silane, is the more reactive with most common 
reagents. Further, even if a chromatographic separation could be achieved, 
the modest detector sensitivity would give a lower limit of detection of only 
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about 50 ppm. Other detectors, such as flame photometric or photoionization, 
are not very sensitive to boron as compared to the excellent results which 
can be obtained with phosphorus compounds . 

Further analysis revealed that diborane's rapid hydrolysis in 
water, as compared with silane, offers a possible wet chemical technique 
whereby a relatively large volume of silane could be bubbled through acidified 
water. The acidified water could then be analyzed for boron using standard 
methods of complexing with curcumin or carminic acid and measuring its UV 
absorbance. 


With the poor detector response to diborane and the failure to 
achieve a significant chromatographic separation between diborane and silane, 
work in this area was suspended. 

1.6.4. 2. 4 Diborane/Silane Vapor - Liquid Equilibria 

The vapor-liquid equilibria (VLE) of a diborane/silane mixture 
was measured at 40°C and 300 psi, the planned operating point of the EPSDU 
silane distillation column. The relative volatility of silane over diborane 
was measured as 2.03 + 0.07 at a diborane concentration of one percent. This 
helps to substantiate the operating basis of the EPSDU silane column which is 
designed to separate the more volatile silane in a high tray-count column. 

Tests for thermodynamic consistency and confirmation of the VLE model used 
for the SiH 4 /B 2 % system is planned. 

The experimental technique utilized in this determination involved 
condensing a mixture of silane containing one percent diborane into a liquid- 
nitrogen-chilled equilibrium cell. The cell was cooled to -40°C where it was 
maintained with mechanical agitation to assure equilibrium conditions. Through 
a plumbing system submerged in the -40°C bath, samples of vapor and liquid 
were withdrawn. The samples were analyzed by passing the vapor (or vaporized 
liquid) through a small quantity of high purity water containing a pinch of 
curcumin. The amount of boron trapped was measured photometrically using a 
UV spectrophotometer. Several determinations were made on different days with 
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good agreement using them. An evaluation for thermodynamic consistency shows 
the system to be nearly ideal. 

The original EPSDU column design was made assuming ideal gas rules, 
and hence the design basis has been confirmed; no further modeling or changes 
in column design are required. 

1 .6.4.3 Silane Epitaxy 

The purpose of this work was to develop a rapid analytical tech- 
nique for qualitatively determining the electronic quality of silane produced 
by EPSDU prior to committing the silane to the decomposition reactor. The 
technique is based on forming an epitaxial film of silicon from the silane 
sample onto an N or P-type single crystal substrate wafer and measuring the 
film resistivity. Net donor or acceptor levels can be inferred and a minimum 
resistivity specification can be established for silane suitable for conver- 
sion into product silicon. 

t. 6. 4. 3.1 Reactor Design 

A design (Figure 6.65) has been prepared for a reactor system for 
controlled epitaxial deposition of silicon from silane onto single crystal 
wafers. The reactor system consists of a reactant gas metering system, an 
inductively heated quartz reactor, and a vacuum and vent system. The gas 
metering system is identical with that constructed for the slim-rod reactor 
including provision for on-line double dilution doping of the silane reactant. 
Solenoid valves in the gas supply lines permit system automation for routine 
reproducible analytical work. The reactor itself consisted of a quartz tube 
with surrounding RF induction coil. A quartz boat holding a carbon susceptor 
at a slight angle to the flowing gas held two or four silicon wafers of 1 to 
2-inch diameter. A special entrance arrangement permitted introducing the 
reactant gases, optical temperature sensing, and a means for inserting the 
silicon wafers. This end of the reactor was housed inside a filtered air 
hood to provide a dust-free environment. Air cooling of the quartz tube was 
provided to minimize silane decomposition on the tube walls. The vacuum system 
was provided for purging and degassing the system between runs to eliminate 
absorbed impurities from causing spurious results. 
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Cooling Water 



FIGURE 6.65 Epitaxy Reactor 
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1 . 6 . 4 . 3.2 


Reactor Testing 


The air-cooled epitaxy reactor was operated to produce nominally 
15 ym films on 30 mm diameter, 60 0 cm P-type wafers from undoped silane. 

Wafer cleaning techniques were defined to substantially eliminate crystal . 
imperfections. Several sources of contamination were identified and cor- 
rected including a "dirty" HC1 regulator, and a H 2 purifier element. 

Epi-film thickness was measured non-destructively using differ- 
ential interference contrast microscopy to measure stacking fault dimensions 
which are directly related to film thickness as taught by ASTM 143-73. A 
film thickness calculated from wafer weight gain was compared with the opti- 
mally determined value as a potentially quick method of thickness determina- 
tion. To provide sufficient stacking faults, each fresh wafer was probed with 
the four-point probe to inflict modest surface damage prior to epitaxy growth. 

The four-point probe utilized for measurement of film resistivity 
was checked using a fresh wafer with an independent four-point probe and 
found to read within one percent. All resistivity measurements on epitaxy 
films are made with the specimen located in a light-tight box to avoid photo- 
voltaic effects. An adjustment was provided for compensating for epi-film 
thickness. Conductivity type was determined by the rectifying technique for 
bulk specimens and by the thermoelectric method for the epi-film. 

In determining the "base line" resistivity of the undoped silane 
supply, multiple runs were made in a single day using, as near as possible, 
identical wafer handling and reactor operational techniques. After cleaning 
the fresh wafer in an ultrasonic detergent bath, rinsing with electronic- 
grade methanol and Type I water and clean-air drying, the specimen is loaded 
onto a silicon-coated graphite susceptor and placed into the continuously 
purged epi-reactor tube. An H 2 purge while heating to 1100°C is followed by 
a 10-minute HC1 etch and cooling to 1050°C. At that temperature a 20-minute 
deposition period with 0.5% SiH^ in H 2 produces a 15 ym film. Electrical 
measurements are made on the cooled wafer. 
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A low average film resistivity with large run-to-run variation 
was observed when nominally 15 ym films were grown from a single source of 
silane on 60 ft cm P-type wafers. Various trouble-shooting activities showed 
that improvement in resistivity values were obtained when: 

• The ultrasonic wafer pre-cleaning bath was cleaned at 
prescribed intervals. 

• Several fittings contaminated with C-100 thread lubricant, 
were identified and cleaned. 

• The silane, hydrogen, and HC1 supply lines were acid 
cleaned, rinsed, and dried. 

A significant step increase from approximately 40 ft cm to over 
100 ft cm was obtained when an alternate silane supply cylinder was used. 

Both cylinders were presumably "electronic grade" with a resistivity of 
>100 ft cm when manufactured. The second cylinder had about 6 months shorter 
time prior to use. The reasons for low purity in the first cylinder were not 
established. The second cylinder was used in all subsequent work. Even 
after these sources of contamination, which resulted in higher average resis- 
tivity values, were identified and resolved, there was still a significant 
variation in the measured epi~film resistivity. 

A series of runs were made varying the duration and concentration 
of the HC1 etch. HC1 is potentially the dirtiest of the gases used in the 
epitaxy test, thus, the concentration and duration of the pre-etch could have 
significant impact on final film quality. As listed in Table XVI, the sur- 
face quality of the film and the resistivity variation across the wafer im- 
proved when the HC1 etch was reduced in concentration (flow rate) while 
etching for a slightly longer period. The carrier flow was constant at 
6 liter/min, through the 38 mm ID reactor as was the etch temperature of 
1125°C. An HC1 concentration of 0.42% for 10 minutes produced wafers which 
were free of haze and substantially free of stacking faults. 
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TABLE XVI 


EFFECT OF HC1 ETCH ON EPITAXY FILM QUALITY 


HC1 Etch 


Run #/ 
Page 

Flow Rate 
cc/cmin 

Meter 

Setting 

Time 

Min. 

Resistivity 
0 cm 


Wafer Appearance 

1/82 

60 

112 

8 


188 


0.03289 

g 

slight cloudiness on 

(83 A) 




100 

160 

190 



front, Monsanto wafer 






154.5 





2/83 

60 

112 

8 


229 


0.03468 

g 

cloudy all over no 

(83B) 




248 

223 

277 



striation, heavier on 






157 




front 

3/83 

60 

112 

8 


540 


0.03372 

g 

cloudy all over 

(83C) 




236 

250 

182 



heavier at front 






203 




striations visible 

4/84 

60 

112 

8 


284 


0.02994 

g 

cloudy all over 

(84) 




224 

161 

145 



heavier at front 






161 




striations visible 

1/85 

12 

30 

8 


40 


0.02139 

g 

cloudy at frony 

(85A) 




47 

56 

53 



slightly stacking 






33 




faults evident all ove 

2/85 

12 

30 

5 


62.9 


0.02771 

g 

stacking faults all 

(85B) 




45 

54.3 

48.8 



over 






47 





3/85 

60 

112 

5 


75.4 


0.02927 

g 

cloudy at front 

(85C) 




38.6 

75.7 

77.4 



striations visible 






70.9 




stacking vaults all 










over 

4/86 

25 

50 

5 


349 


0.02666 

g 

very slight cloudiness 

(86A) 




75.5 

95 

116.7 



at front stacking 






81.9 




faults all over 

5/86 

25 

50 

6 


136.5 


0.02468 

g 

very slight cloudiness 

(86 A) 




85.6 

156.6 

184.1 



cloudy spot at front 






131.8 




few stacking faults 
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TABLE XVI (CONT'D) 


Run #/ 

Flow Rate 

Meter 

Time 

Resistivity 



Page 

cc/min 

Setting 

Min. 


ft cm 

Wafer Appearance 

1/87 

25 

50 

6 


102.4 

0.02737 

g 

slight cloudiness 

(87A) 




91.5 

96.9 

144.9 


at front - some 






86.6 



stacking faults 

2/87 

25 

50 

6 


120.4 

0.02785 

g 

some cloudiness at 

(87B) 




157.8 

107.2 

135.7 


front some stacking 






84.7 



faults 

3/87 

25 

50 

6 


63.9 

0.02661 

g 

deposition at 1000°C 

(87C) 




40.1 

52.0 

62.6 


zone of thick cloudy 






47.8 



deposition - remainder 
clear - few stacks 

4/88 

25 

50 

10 


184.6 

0.02939 

g 

very very slight 

(88A) 




156.6 

157.0 

164.6 


cloudiness at front 





124.9 

Av 157.5 


stacking all over 

5/88 

25 

50 

10 


112.0 

0.02901 

g 

wafer clean few stack 

(88D) 




124.1 

97.9 

100.3 








102.0 

Av 107.3 



1/89 

25 

50 

10 


242 

0.02687 

g 

clean wafer 

C89A) 




439 

399 

401 








783 

Av 370 



2/89 

25 

50 

10 


175 

0.02656 

g 

clean wafer - 

(89B) 




158 

121 

197 


several stacks 






140 

Av 158.2 



3/89 

25 

50 

10 


137 

0.02398 

g 

some cloudiness left 

(89C) 




163 

162 

196 


side - very few 






180 

Av 167.6 
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There were slight resistivity variations across the wafer surface 
which are largely due to variations in film thickness. However, when five 
measurements are made at the positions shown in Figure 6.66, the average 
values are within 4% of the maximum variation. Higher resistivity values 
and thinner deposits were obtained on the initial test on any given day. 

This could be due to inadequate silane purge to remove the overnight nitrogen 
purge gas. This fact is significant for EPSDU operations where purging be- 
tween samples will be very important for assuring representative results. 

Expitaxial films of consistently high resistivity can be grown 
using a well-defined regime of precleaning and high temperature processing. 

The series of runs were made during December 1980 by adding con- 
trolled amounts of phosphine or diborane to silane. The purpose was to develop 
a correlation between impurity level in the sample silane and the resistivity 
of the deposited film. 

For the case of phosphine, the deposits were made on P-type wafer 
substrates in order to form a N - P junction and permit measuring the epi- 
film resistivity. Figure 6.67 shows the result of those runs along with a 
plot of the theoretical resistivity assuming all of the phosphine had been 
incorporated. 

A similar set of experiments was made using N-type wafer substrates. 
However, the baseline resistivity values using undoped silane ( 165 S2 cm, N- 
type) were erratic, varying considerably from edge to edge across the wafer 
and also from wafer to wafer. This is not too surprising since relatively 
high-purity N-type silane was used as the control and thus, no junction was 
being made. One dopant run, using 17 ppb l^Hg, resulted in a wide distribution 
of resistivity readings. 

A report detailing the epitaxy test method and results was written. 
In spite of the erratic results with the diborane dopant run, the general 
method is felt to be valid for determining silane quality quickly and suffi- 
ciently accurate to meet EPSDU 's needs. 
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Phosphine Concentration, ppb 




1.7 


MANAGEMENT AND DELIVERABLES 


Phase III of the contract began in April 1979 and continued through 
the fourth quarter of 1981 . The Performance Measurement System (PMS) was in- 
stituted on January 1, 1980, to have a method to monitor and control the project 
and provide information and accounting to the contractor (JPL) . The EPSDU 
program was divided into seven identifiable report items and further subdivided 
into tasks and work items. 

The report items are as follows: 

1.1 Design/Procurement 

1.2 Equipment Fabrication 

1.3 Installation/Checkout 

1.4 Operation 

1.5 Commercial Process Economic Analysis 

1.6 Process Support R$D 

1.7 Management and Deliverables 

Refer to Table I for the complete work breakdown structure (WBS) . 

During the program the following documents were delivered: 

• Monthly Technical Progress Reports : This report gives 

the technical progress during the previous month, is 
written such that each work item is addressed. 

• Monthly Financial and Management Reports : This document 

reports expenditures and estimated costs for the next 
three months and balance of contract. In addition, the 
detailed schedule is shown on a chart form and identifies 
major milestones accomplished or planned for each activity. 

• Quarterly Technical Progress Reports : This report sum- 

marizes the previous quarterly progress, is published and 
widely circulated to companies with interests in the solar 
programs . 
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• Procurement Status Reports : Equipment purchase orders are 

identified and the delivery status is reported each quarter. 

In addition to the monthly and quarterly reports, meetings were 
held to monitor progress. 

• Bi-Monthly Reviews : The program is closely monitored by JPL 

and reviews are held every other month to assure that the 
program is on schedule and to discuss technical achievements 
or problem areas. 

• Program Informational Meetings (PIM) : These meetings are held 

about three times per year and are attended by participants 

in the solar programs. A slide presentation is usually made 
to discuss the program's status and future plans. 

The program has been successfully accomplished through Design/ 
Procurement and Equipment Fabrication and partially through Installation. 
However, due to recisions of government funding, the program appeared to be 
in jeopardy until a new program was offered by UCC. This plan proposed that 
UCC would undertake to carry out the major objectives of the original plan 
with private funding. 

Under UCC proposal the EPSDU facility will be relocated on the 
West Coast. The purchased equipment will be transferred from the East 
Chicago location, and the facility completed at UCC expense with a planned 
start-up in the third quarter of 1982. Since Phase III has terminated pre- 
maturely, this final report (Phase III) is written to collect and summarize 
the results during the period of April 1979 through December 1981. 

Report Item 1.4, Operation, was limited to preparation, inspection 
of equipment and writing an operating manual. The manual is partially com- 
plete and will be a "deliverable" under the cooperative agreement. 

Report Item 1.5, Commercial Process Economic Analysis, was com- 
pleted to the point of developing a 1000 MT/Year commercial design, however, 
activity was curtailed in 1980. 
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Report Item 1.6, Process Support R$D, is continuing at a reduced 
level but in order to separate fiscal year 1982, costs will be assigned work 
item 1.8. 


Report Item 1.7, Management and Deliverables, will be curtailed 
upon completion of documentation; however, Management/Reporting, etc., of 
the Fluid-Bed RfjD program for fiscal year 1982 will be continued under a 
new Report Item, 1.9. 

Milestones 


Milestones were identified in the performance measurement system 
(PMS) to measure progress. The achievement of each major milestone was re- 
ported quarterly: 

a. 1st Quarter 1980 


WBS No. 

Milestone 

Description of Major Milestone 

1. 1.3.2 

(A) 

Electrical one-line diagram issued. 


CD) 

Electrical Power System equipment specifica- 
tions complete, RFR's issued. 

1. 1.5.1 

(A) 

EPSDU Facility Cost estimate issued. 

1.6. 1.1. 3 

(B) 

First silane decomposed in Free-Space 
Reactor (FSR) - powder sample available 
for shipment. 

1.6.1. 1.4 

(C) 

Run No. 1 in FSR complete - internal report 
issued. 

1.6. 1.2. 2 

(F) 

Internal report issued on development of 
new FSR model. 

1.6.2. 1.2 

(B) 

Sub- contract signed for development of melter. 

1.6. 3. 1.3 

(A) 

Internal report issued on Fixed-Bed Deposition 

1.6. 3. 3 

(C) 

Internal report issued evaluating silicon 
deposition experiments in a fixed-bed reactor. 


278 


WBS No. 

Milestone 

Description of Major Milestone 

1.6. 4. 2. 2 

(M) 

Draft report completed on Chromatographic 
Methods for Boron § Phosphorus Determination. 

1.6.4. 3. 1 

(B) 

Epitaxy reactor final process flow sheet and 
equipment purchase orders issued. 

1.6. 4. 3. 2 

(E) 

Epitaxy reactor in place and ready for system 
connections . 

1.7.3 

(B) 

Hydrogenation Reactor Design memo issued. 


(I) 

Chromatographic Methods for Boron § Phosphorus 
Determination memorandum issued. 

b. 

2nd Quarter 

1980 

1.1. 1.1 

(B) 

Final process design package issued. 

1.1. 1.3 

(A) 

Waste burner functional specification issued. 

1. 1.2.1 

(A) 

Final facility layout complete, drawings re- 
leased. 

1.1.3. 3 

(G) 

UCC-designed process equipment specifications 
complete, RFR's issued. 

1. 1.3.4 

(B) 

Vendor-designed process equipment specifications 
complete . 

1. 1.3.5 

(C) 

Auxiliary equipment specifications issued. 


(E) 

Auxiliary equipment RFR's issued. 

1. 1.3.6 

(F) 

Support equipment specifications issued. 

1. 1.4.1 

(A) 

Site preparation package issued for bids. 


(B) 

Site preparation subcontract awarded. 

1.5. 1.1 

(A) 

Commercial process functional package issued. 

1.6. 1.1.4 

CD) 

Run Nos. 2 and 3 in FSR complete - internal 


report issued. 
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WBS No. 


Milestone Description of Major Milestone 


1.6.1. 1.5 

(E) 

Internal report FSR experimental results issued 

1.6. 3. 2. 2 

(B) 

Internal report issued documenting results of 
particle separation tests in a fluidized 
silicon bed. 

1.6. 3.4.1 

(D) 

Fluid Bed reactor drawings released for fabri- 
cation . 

1.6. 4. 1.3 

(C) 

Slim-rod reactor checkout complete - silane 
introduced into reactor. 

1.6. 4. 1.4 

(D) 

Slim-rod reactor startup complete - first 
silicon deposited on seed rod. 

1.6. 4. 3. 3 

(F) 

Epitaxy reactor installed and checked out - 
operational safety review completed and 
operating procedures approved. 

1.7.3 

(C) 

Silane Column Design memo issued. 


(E) 

Definitive EPSDU Cost Estimate issued. 


(G) 

Free Space Reactor Theoretical Analysis 
report issued. 


(H) 

Evaluation, Fixed Bed/Fluidization memo 
issued. 

c. 

3rd Quarter 

1980 

1. 1.2.2 

(B) 

Safety checklist and environmental design 
report issued and permit obtained. 

1. 1.4.2 

(C) 

Civil/Structural package issued for bids. 

1. 1.4.2 

(N) 

Civil/Structural subcontract awarded. 

1.1.4. 3 

(D) 

Civil/Structural drawings issued for bid 
package. 

1.3. 1.1 

(C) 

Site work completed. 

1.3. 1.2 

(B) 

Civil work started. 
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WBS No. 

Milestone 

Description of Major Milestone 

1.6. 1.1 

(G) 

Modification to the free-space reactor PDU 
and hopper completed. 

1.6. 4. 3 

(G) 

EPI reactor startup completed and first silicon 
deposition made on silicon. 

1.7.3 

(D) 

Report EPSDU waste burner design issued. 


(F) 

Report Free Space PDU experiment report 
issued (covering work thru June 1980) . 


(J) 

EPSDU equipment specification package issued. 

d. 

4th Quarter 1980 


1.1. 2. 3 

(C) 

Scale model complete. 

1. 1.3.8 

(K) 

Data Collection System - Equipment RFR's 
issued. 

1.3. 1.3 

(D) 

Structural work started. 

1.6. 1.1.7 

(H) 

Purity 8 operability tests - consecutive runs 
and 12-hour duration runs complete. 

1.6.4. 1.4 

(H,K) 

Method Development - Dopant Test Series No. 1 
complete. 

1.6. 4. 3. 4 

(L) 

Method Development - Silane Analysis - Expitaxy 
report draft issued. 

e. 

1st Quarter 1981 


1.1. 3.1 

(K) 

P§I diagram issued and control panel RFR's 
issued in March. 

1.3. 1.2 

(F) 

Complete civil work. 

1.3. 1.3 

(J) 

Completed structural work. 

1.7.3 

(K) 

Engineering Design Package 


CL) 

Installation Drawing Package 
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WBS No. 

Milestone 

Description of Major Milestone 


(M) 

Interim Report on Subcontract 


(N) 

Slim Rod Reactor Report 


(P) 

Silane Analysis - Epitaxy 

£. 

2nd Quarter 

1981 

1.1. 1.2 

(C) 

Installation design review complete. 
Meeting minutes issued. 

1.1. 1.4 

(A) 

Process design package issued. 

1. 1.4.4 

(E) 

Mechanical/piping package issued for bids. 

1. 1.4.5 

(F) 

Drawings issued for bid package. 

1. 1.4.6 

(G) 

Electrical package issued for bids. 

1.1.4. 7 

(H) 

Electrical drawings issued for bid package. 

1. 1.6.1 

(0) 

Control system design Pgl package started. 

1.4. 1.1 

(0) 

Operating manual started. 

1.6. 3. 4. 2 

(E) 

PDU system checkout completed. 


(Q) 

"Arc discharge" heating of silicon bed 
completed. 

1.2. 8. 2 

(E) 

Equipment inspection report issued. 


(F) 

Specialty items delivered to site. 

g- 

3rd Quarter 

1981 

1.1. 2. 6 

(A) 

Gantry scale model update - complete. 

1.2. 8. 3 

(G) 

Vendor print control - all drawings on file 

1.4. 1.3 

(0) 

Test plan started. 


282 


2.0 


REFERENCES 


1. Eversteijn, F. C. and Put, D. M. , J. Electrochem. Soc. : 

Solid State Science and Technology, 120, 103 (1973) . 

2. Murthy, T. V. M. S. , et al, J. Crystal Growth _33, 1 (1976). 

3. Eversteijn, F. C., Phillips Res. Repts. 25, 135 (1971). 

4. Timrael, P. J. and Rexer, J., Silane Pyrolysis in a Fluid-Bed 
Reactor, Report No. PR-79-230. 

5. Osada, Y. , et al, J. Electrochem. Soc: Electrochem. Science 

and Technology 126 , 31 (1979) . 


283 



3.0 


GLOSSARY 


This section includes symbols, notations and abbreviations used in 
this report. 


NOTATION 

A/D 

Btu 

cm 

C 

CRT 

DCS 

EPSDU 

F 

ft 

FBR 

FSR 

g 

hr 

hp 

HC1 

I/O 

I.D. 

JPL 

KV 

KW 

Kpa 

Khz 

lb 

LSA 

m 

MGS 

IBP 

m 

MT 

min 


DESCRIPTION 

Analog to Digital 
British Thermal Unit 
Centimeter 
Celsius 

Cathode Ray Tube 
Dichlorosilane 

Experimental Process System Development Unit 

Fahrenheit 

Feet 

Fluid-Bed Reactor 
Free-Space Reactor 
Gram 
Hour 

Horsepower 

Hydrogen Chloride 

Input /Output 

Inside Diameter 

Jet Propulsion Laboratory 

Kilogram 

Kilovolts 

Kilowatt 

Kilopascals 

Kilohertz 

Pounds 

Low-Cost Solar Array 
Meter 

Metallurgical Grade Silicon 

Millimeter 

Million 

Metric Ton 

Minute 
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GLOSSARY OF TERMS (continued) 


NOTATION 

MIT 

MCS 

MCC 

O. D. 

PPb 

ppm 

psi 

psia 

psig 

P 

P. O. 

PSR 

PMS 

PDU 

PSI 

Q 

Q. C. 

RSD 

RFR 

RRQ 

sec 

SEM 

SMS 

STC 

SCFM 

TCS 

U 

Umf 

ucc 

yr 

ym 

Ocm 

Ap 


DESCRIPTION 

Massachusetts Institute of Technology 

Monochlorosi lane 

Motor Control Center 

Outside Diameter 

Parts per Billion 

Parts per Million 

Pounds per Square inch 

Pounds per Square inch Absolute 

Pounds per Square inch Gage 

Pressure (atmospheres) 

Purchase Order 
Procurement Status Report 
Performance Measurement System 
Process Development Unit 
Process and Instrumentation 
Heat Flux 
Quality Control 
Research and Development 
Request for Requisition 
Request for Quotation 
Second 

Scanning Electron Microscope 
Shotter Melter System 
Silicon Tetrachloride 
Standard Cubic Feet per Minute 
Trichlorosilane 

Superficial Gas Velocity (m/sec) 

Minimum Fluidized Velocity (m/sec) 

Union Carbide Corporation 

Year 

Microns 

Resistivity, OHM- Centimeter 
Pressure Difference 
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NOTATION 


Pb 

Ps 

e 


GLOSSARY OF TERMS (continued) 
DESCRIPTION 

Bulk Density of Silicon 
Silicon Particle Density 
Void Fraction 
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APPENDIX A 


LIST OF MAJOR EQUIPMENT ITEMS 


A- 1 


Pge 1 


SILICON PROJECT 
EQUIPMENT LIST 


10/21/81 

WPC/jgc/1135B 


FAG QUANTITY 


JMBER 

DESCRIPTION 

BM/SPEC NUMBER 

ORDERED 

P. 0. NUMBER 

>1-02 

Mobile Laborat 

ES-7214 

Rev 2 

001 

50096-01 

i 

Storage Bln 

ES-6857 

Rev 2 

001 

50033-01 

L7-02 

Dust Bag 

ES-7594 


001 

50187-01 

21-02 

Hopper Tank 

ES-6852 

Rev 3 

001 

50035-01 

21-04 

Settler Tank 

ES-6852 

Rev 3 

001 

50035-02 


Chloride Tank 

ES-6852 

Rev 3 

001 

50035-03 

21-08 

Cond Receiver 

ES-6852 

Rev 3 

001 

50035-04 


Storage Tank 

ES-6852 

Rev 3 

001 

50035-05 

21-12 

Storage Tank 

ES-7278 


001 

50017-01 

21-14 

H 2 Receiver 

ES-6852 

Rev 3 

001 

50035-06 

21-16 

H 2 Humid Tank 

ES-7278 


001 

50017-02 

21-18 

Blender /Tank 

ES-6852 

Rev 3 

001 

50035-07 


H 2 Compressor 

ES-6725 

Rev 2 

001 

50010-01 

S-._ i jyfejg 

H 2 Compressor 

ES-6725 

Rev 2 

001 

50010-01 

raifoSHil 

Quench Condenser 

ES-6801 

Rev 3 

001 

50014-01 

24-04 

Vaporizer 

ES-6798 

Rev 3 

001 

50015-01 


Hydrogenation 

ES-6835 

Rev 2 

001 

50056-01 

2 

LMV-801 Pump 

ES-6718 

Rev 2 

001 

50005-01 

26-04 

Diaphragm Pump 

ES-6720 

Rev 2 

001 

50245-01 


STC Pump 

ES-7193 

Rev 1 

001 

50105-01 


STC Pump 

ES-7193 

Rev 1 

001 

50105-01 

27-02 

Filter 

ES-6888 

Rev 1 

001 

50061-01 


Pressure Lubricators 



004 

Various 


Pressure Lubricators 



002 

Various 

28-04 

Flex Conveyor 

ES-7323 

Rev 2 

001 

50126-01 

28-06 

Ram Valve 



001 

50164-01 


Separator 

ES-7269 

Rev 2 

001 

50116-01 

29-04 

Gas Superheater 

ES-6850 

Rev 1 

001 

50076-01 

tl-04 

Storage Tank 

ES-6856 

Rev 3 

001 

50040-01 

11-06 

Storage Tank 

ES-6856 

Rev 3 

001 

50040-01 

21-08 

Storage Tank 

ES-6856 

Rev 3 

001 

50040-01 

11-10 

Storage Tank 

ES-6856 

Rev 3 

001 

50040-01 

12-02 

Stripper Column 

ES-7249 


001 

50112-01 

22-04 

TCS Column 

ES-7250 


001 

50113-01 

12-06 

DCS Column 

ES-7251 


001 

50114-01 

22-08 

Silane Column 

ES-7288 


001 

50122-01 


Stripper Cond 

ES-6802 

Rev 2 

001 

50016-01 

24-06 

Col Reboiler 

ES-6798 

Rev 3 

001 

50015-02 

14-08 

Column Condenser 

ES-6799 

Rev 3 

001 

50019-01 

24-10 

Col Reboiler 

ES-6798 

Rev 3 

001 

50015-03 

14-12 

Gas Cooler 

ES-6828 

Rev 2 

001 

50022-01 

(4-14 

Column Condenser 

ES-6799 

Rev 3 

001 

50019-02 

4-16 

Gas Cooler 

ES-6828 

Rev 2 

001 

50022-02 

14-18 

Column Condenser 

ES-6799 

Rev 3 

001 

50019-03 

4-24 

Gas Cooler 

ES-6828 

Rev 2 

001 

50022-03 

14-26 

Transfer Coil 



001 

50028-01 

5-02 

Reactor 

ES-6856 

Rev 3 

001 

50040-02 

5-04 

Reactor 

ES-6856 

Rev 3 

001 

50040-03 

6-02 

LMV 801 Pump 

ES-6719 

Rev 1 

001 

50005-02 

16-04 

LMV 801 Pump 

ES-7286 

Rev 2 

001 

50005-03 

6-05 

LMV 801 Pump 

ES-7285 

Rev 2 

001 

50005-04 

7-02 

Filter 

ES-6885 

Rev 1 

001 

50062-01 
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441-04 

Flake r Feed Bln 



001 

50033-02 

441-06 

h 2 Receiver 

ES-7278 


001 

50017-03 

443-02 

Pyrolysis H2 Compres 



001 

50011-01 

444-02 

Gas Cooler 

ES-6828 

Rev 2 

001 

50022-04 

451-04 

Surge Tank 

ES-6852 

Rev 3 

001 

50035-08 

451-06 

Catch Tank 

ES-6852 

Rev 3 

001 

50035-09 

451-08 

Dust Bin 

ES-6857 

Rev 2 

001 

50033-03 

451-18 

4500 Gal Tank 

ES-7499 

Rev 1 

001 

50160-01 

452-02 

Tailing Column 

ES-6894 

Rev 2 

001 

50090-01 

453-02 

Centrif Blower 

ES-6714 

Rev 2 

001 

50002-01 

453-04 

Gas Ind Blower 

ES-6715 

Rev 2 

001 

50001-01 

453-05 

Gas Ind Blower 

ES-6715 

Rev 2 

001 

50001-01 

454-04 

Agglomerator 



001 

50085 

456-08 

Gould Pump 

ES-6896 

Rev 2 

001 

50091-01 

457-04 

Dust Bag 

ES-7594 


001 

50187-01 

457-06 

Filter 

ES-6886 

Rev 1 

001 

50060-01 

458-04 

Drum Packer 

ES-6861 

Rev 1 

001 

50073-01 

459-02 

Scrubber 

ES-6862 

Rev 2 

001 

50075-01 

459-04 

Scrubber 

ES-6862 

Rev 2 

001 

50075-02 

459-08 

Fuel Burner 

ES-6883 

Rev 3 

001 

50083-01 

459-10 

Fuel Burner 

ES-6883 

Rev 3 

001 

50083-01 

459-12 

Fuel Burner 

ES-6883 

Rev 3 

001 

50083-01 

459-14 

Fuel Burner 

ES-6883 

Rev 3 

001 

50083-01 

459-16 

Agitator 

ES-7268 

Rev 1 

001 

50115-01 

459-18 

Immersion Heater 

ES-7498 

Rev 1 

001 

50161-01 

459-18 

Agglometer Cleaner 



019 

33659-01 

459-20 

Agitator 

ES-7268 

Rev 1 

001 

50115-02 

461-02 

Expansion Tank 

ES-7478 

Rev 1 

001 

50055-01 

461-06 

350 Gal Day Tank 

ES-7477 

Rev 1 

001 

50162-01 

464—06 

Circ Heater 

ES-7346 

Rev 1 

001 

50129-01 

466-02 

Gould Pump 

ES-6893 

Rev 1 

001 

50012-01 

466-04 

Centrif Pump 

ES-7136 

Rev 1 

001 

50013-01 

466-05 

Centrif Pump 

ES-7136 

Rev 1 

001 

50013-01 

466-06 

Oil Pump 

ES-7284 

Rev 1 

001 

50119-01 

466-07 

Oil Pump 

ES-7284 

Rev 1 

001 

50119-01 

469-02 

Cooling Tower 

ES-7205 

Rev 1 

001 

50086-01 

469-06 

H 2 O Treat System 

ES-7197 

Rev 1 

001 

50087-01 

469-12 

Chilling System 

ES-6782 

Rev 3 

001 

50088-01 

469-14 

Instr. Air Pack 

ES-7044 

Rev 1 

001 

50092-01 

469-16 

Heater 

ES-6895 

Rev 1 

001 

50089-01 

469-20 

Instr Air Dryer 

ES-7299 

Rev 1 

001 

50125-01 

641-02 

1500KV Transform 

ES-7179 


001 

50094-01 

642-02 

480V MCC 

ES-7218 

Rev 1 

002 

50093-01 

643-02 

Emerg Generator 

ES-7052 

Rev 1 

001 

50102-01 

722-02 

Main Instr. Panel 



001 

50134 

725-02 

I/O Panel NOl D 

A-2147839 

C 

001 

50220-01 

726-02 

Scan Panel 

A-2146764 

B 

001 

50209-01 

726-04 

”QA” Panel 



001 

50223 

726-06 

"N" Panel 



001 

50336 

728-02 

I/O Panel N02 E 

A-2147840 

C 

001 

50219-011 

728-04 

I/O Panel N03 F 

A-2147841 

C 

001 

50222-01! 

728-06 

I/O Panel N04 G 

A-2147842 

A 

001 

50221-01! 

Spare 

Pressure Lubricators 



001 

Various 
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RESEARCH AND DEVELOPMENT DEPARTMENT 


ENGINEERING MEMORANDUM NO. 6599 


1.0 INTRODUCTION 

The UCC silane-to-silicon process has proceeded through several stages 
of development over the last several years in response to the requirements 
of the funding agency, the Department of Energy (DOE), and the timetable and 
goals set by the contract management agency, the Jet Propulsion Labs (JPL) . 

As a part of the proposal to build an Experimental Process Systems Development 
Unit (EPSDU) to demonstrate this process, the contract calls for a periodic 
economic assessment of the technology on a commercial scale basis to assist 
JPL's evaluation of this process. The first of these economic assessments, 
the baseline assessment, is timed to be co-incident with the engineering 
effort of EPSDU. This timing was chosen to allow the baseline assessment to 
occur at the earliest possible time while still taking advantage of the know- 
ledge gained in the engineering effort. A second assessment is scheduled to 
update the baseline assessment at a point where construction of the EPSDU 
has neared completion and the last free-space pyrolysis and silicon powder 
consolidation RSD is completed. A final assessment is scheduled after the 
EPSDU has been operated and actual production data has been collected. 

This baseline assessment contains three elements: the process functional 

package, reported here; an estimate of the cost of such a commercial solar 
silicon plant, based on the process package; and lastly a determination of the 
product cost from such a plant based on the utility requirements, manpower re- 
quirements, raw material requirements, capital charges, and other production 
costs. The assessment is to be reported on the basis of a hypothetical plant 
producing 1000 MT/YR of electronic-grade polycrystalline silicon material for 
the solar array market. The product cost should include typical charges and 
costs for a plant constructed within the United States by private investment 
with a sufficient allowance for profitability to justify such investment. 
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The baseline functional package includes information to prepare suffi- 
cient preliminary engineering to support an estimate: a block flow diagram, 

a heat and mass balane, a detailed process description with process flow 
diagram, a preliminary overall plant layout, a process equipment list, and 
process equipment functional specifications. Other process information, of 
a more general sense, is understood to be identical to EPSDU with appropriate 
allowances for a permanent facility (as opposed to the temporary nature of 
EPSDU) and a more optimal process arrangement. Examples of this other infor- 
mation are cleaning requirements, process sealing requirements, painting and 
insulation provisions, safety restrictions (such as electrical classifications) 
raw materials, and product handling. 

1.1 Design Basis 

The design basis of this process package is the included process arrange- 
ment, to be operated on a production basis of 85% on-stream factor, as measured 
on a yearly basis. Raw materials are assumed to be a commercial grade of 
98% pure metallurgical -grade silicon, a technical grade of 98% pure silicon 
tetrachloride, commercial grade liquified hydrogen gas, and a commercially 
available grade of cement copper containing approximately 85% contained copper. 
Utilities are assumed to be electrical power, natural gas, potable water, 
appropriate cooling water treatment chemicals, commercial liquified nitrogen 
gas, and commercial liquified argon gas. The consummables are assumed to 
be replacement quartzware (for pyrolysis/consolidation), replacement redistri- 
bution catalyst (Rohm § Haas A-21) and appropriate quality control supplies. 
Other miscellaneous chemicals are assumed to be start-up solvents (methanol 
and hexane), laboratory chemicals, lime for waste neutralization, replacement 
refrigerant, and replacement heat transfer oil. The plant product and by- 
products are assumed as polycrystalline silicon shot of electronic quality, 
low-grade (asphalt or glue bulking quality) fumed silica and 20% (pickling 
strength) muriatic acid. The plant wastes are gases disposed of through 
atmospheric vents of suitable quality to meet federal guidelines, process and 
sanitary wastewater of suitable quality to discharge to a municipal water 
treatment plant, solid waste and trash capable of being disposed of at a non- 
hazardous material installation, and thermal emissions in the form of a cooling 
tower plume. 
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1.2 Assumptions 


1.2.1 General 

a. Plant is designed and built by UCC to Linde Division Standards by 
Gas Products Engineering at a hypothetical site in the Chicago 
metropolitan area. 

b. The plant site is a clear and unobstructed site abutting an existing 
UCC facility. Utilities such as potable water, electricity, and sewer 
lines are available at the plant battery limits. 

c. The process design activity is begun in the 2nd quarter of 1983 and 
the plant start-up is commenced in the 1st quarter 1986. 

1.2.2 Process 

a. The major process equipment will remain functionally identical 
to EPSDU, with a scaling factor, with the exception of waste 
treatment and pyTo lysis/consolidation. 

b. The waste treatment area will be functionally identical to the 
original EPSDU process, presented in EM-6429, June 1, 1979, 

"Process Design Package for a 100 MT/YR Silane-to-Silicon Plant", 
with a scaling factor. Silica will be packed into 100 cubic feet, 
aluminum, transportable "tote" bins (trademark of Tote Division of 
Hoover Ball and Bearing Corp.) instead of 55-gallon drums. 

c. The pyrolysis/consolidation area is conceptualized based on in- 
hand information. It assumes a pyrolysis reactor based on a 30- 
inch quartz liner which is scaled up from the Tonawanda 8-inch 
quartz liner. The 8-inch reactor is given a capacity rating of 
5 lbs/hr of silane. Scale-up is done based on cross-sectional 
area and aspect ratio to yield a capacity of 80 Ibs/hr of silane 
for 30-inch quartz lined unit. It is assumed that the silicon 
powder can be dense-phase conveyed, however, occasional flakes 
may result from semi-solids formations in the reactors. This 
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flaking off is assumed to be small enough in frequency not to 
effect the mass balance or equipment sizing. The melter is 
assumed to have a capacity of 15 kg/hr of silicon and produce a 
tight distribution of nominal 2 mm diameter shot. The shot is 
assumed to "skin over" sufficiently in 10 feet of free-fall 
through hydrogen to allow final cooling in a mildly fluidized 
bed. The amount of cooling in the fluidized bed is assumed to 
be roughly half of the requirement. The cooled shot is assumed 
to require inert gas padding for shipment, but is capable of 
being shipped in plastic lined 55-gallon drums. 

1.2.3 Raw Materials, Utilities, Products 

Metallurgical -grade silicon is assumed to be delivered in bulk using a 
cleaned concrete truck with 40,000 lbs gross weight, with an on-board blower 
for discharge into a 4" standard fitting (per phone conversation with Matlack 
trucking office) . The metallurgical silicon arrives ground to a nominal 500 
micron size and is assayed to be 98% contained silicon with the remainder being 
predominantly iron and aluminum impurity (similar to the grade received at UCC’s 
Sistersville facility) . The technical -grade silicon tetrachloride is assumed to 
be delivered in a 4000-gallon tank truck, fitted for nitrogen-pressure unloading. 
The STC is clear and assayed to at least 98% silicon tetrachloride with the 
remainder being predominantly trichlorosilane and dimethyl-dichlorosilane 
(similar to that produced at Sistersville) . Hydrogen, nitrogen and argon are 
delivered as liquified gases by appropriate sized tank trucks and are of a 
commercial quality equal to that produced by UCC, Linde Division. Cement 
copper is received in one-to-five gallon pails in lots suitable for truck 
transportation and is of a quality similar to that used at Sistersville, con- 
taining 85% copper. 

Silicon shot product is assumed to be shipped by truck in 10 to 20 ton 
lots of 55-gallon drums. Fumed silica is assumed to be shipped in returnable 
110 cubic feet capacity aluminum bins owned by UCC. Muriatic acid is assumed 
to be shipped by tank truck in nominal 2000-gallon lots by a shipper such as 
Chemical Leman. Neutralized waste solids are assumed to be removed and trans- 
ported to a low quality refuse disposal in unlined 55-gallon closed drums in 
lot sizes suitable for truck transportation. 
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Electrical power, potable water and sewer connection are assumed to be 
of a quality or nature similar to that of EPSDU. 

1.2,4 Yard and Auxiliaries 

In addition to the main process equipment, the plant is assumed to 
contain the following yard and auxiliary improvements: a switch gear building 
with emergency power generation, a two-cell cooling tower, a parking lot for 
50 cars, an office building with first aid station, a maintenance building, a 
building for personnel activities containing a shower room, eating area and 
locker room, a laboratory/quality control building, a fire-fighting capability 
based on Kiddle High-expansion foam similar to that used at EPSDU, a shipping 
building attached to the pyrolysis/melter building, and an external weather- 
protected storage pad for solvent, acids, and drum chemical storage. The con- 
trol room should be outfitted for supervisory/distributed computer control using 
localized pneumatic/electronic instrumentation similar to a Taylor MOD III or 
Honeywell TDC-2000. A dedicated data collection computer with extensive Scan-i- 
valve input, such as used for EPSDU, is not required. The HVAC requirements 
should be of a quality to maintain a 65°F winter temperature, and a reasonably 
ventilated summer condition for maintenance and shipping areas, and a 65°F win- 
ter temperature and 80°F summer temperature for personnel activity areas. The 
number of air changes in the pyrolysis/melter building should be suitable for 
unclassed electrical equipment. The metallurgical silicon and fumed silica 
handling should be in a building maintained at 50°F in the winter with summer 
ventilation suitable for a dusty area. 

2.0 BLOCK FLOW DIAGRAM 

A block flow diagram is included as Figure 1 for familiarization with the 
process. For more detailed process schematics, see the process flow diagram 
and process description in the following section. 

The process proposed for preparing semiconductor-grade silicon from metal- 
lurgical-grade (M-G) silicon is based on a well- integrated arrangement of puri- 
fication steps that provides a cost-effective process system. The three basic 
steps entail converting M-G silicon to trichlorosilane, redistributing the tri- 
chlorosilane to produce silane, and thermally decomposing the silane to form 
polycrystalline silicon powder. The powder is then melted and consolidated in 
a shotting apparatus to yield polycrystalline silicon shot of nominal 2 mm size. 
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Raw materials for the process consist of M-G silicon (98%-pure) and copper 
catalyst; hydrogen and silicon tetrachloride must be added to replace the hydro- 
gen and chlorine lost from recycle loops in the form of process wastes. The 
wastes to be disposed of include gaseous light impurities and heavy impurities 
composed of metal chlorides. Except for the raw material feed, waste disposal, 
and silcion-product streams, the entire process — hydrogenation, distillation, 
redistribution and separation — is a closed-loop system in which purification 
is accomplished in each major step as process fluids are being recycled through 
the equipment. The process is shown in block-diagram form on Figure 1. The 
major steps are summarized in the paragraphs that follow. 

M-G silicon and cement-copper catalyst are batch-fed to the hydrogenation 
reactor which also receives the hydrogen and silicon tetrachloride recycle 
streams. The silicon is consumed to make trichlorosilane in an equilibrium 
reaction: 

Cu 

Si + 2H, + 3SiCl. -*■ 4HSiCl_ 

2 4 <- 3 

Metallic impurities in the silicon are converted to chlorides. Hot off-gases 
are quenched to their dewpoint to reject metal chloride impurities, and then 
are condensed to ambient temperature. The non-condensible gases, predominantly 
hydrogen, are reheated and recycled to the reactor. 

The condensed crude trichlorosilane, containing about 80% silicon tetra- 
chloride and some dissolved gases, is fed to the first of four distillation 
columns. In this column, gaseous light impurities are removed to part-per- 
billion level. In the second column, the bulk of the silicon tetrachloride is 
separated from other chlorosilanes and then is heated and recycled to the hydro- 
genation reactor. The other chlorosilanes from the second column are fed to 
the third column where trichlorosilane is separated from dichlorosilane. 

The trichlorosilane bottoms product from the third column is redistributed 
to dichlorosilane and silicon tetrachloride in an equilibrium reaction using an 
amine-based resin catalyst: 

2HSiCl, t H_SiCl_ + SiCl. 

3 2 2 4 

The redistribution products are recycled to the second column for separation. 
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The dichlorosilane distillate from the third column is redistributed to 
silane, monochlorosilane, trichlorosilane, and silicon tetrachloride in three 
reactions : 


2H 3 SiCl £ H 2 SiCl 2 + Si« 4 

2H 2 SiCl 2 ^ HSiCl 3 + H 3 SiCl 

2HSiCl, J H.SiCl. + SiCl 
it l l 4 

The redistribution products are then fed to the fourth column for separation. 

In the fourth column, silane is separated from the other process compounds 
which are returned to the third column. Since gases lighter than dichlorosi- 
lane were removed in the first column, and remaining traces of diborane, which 
is closest in boiling point to silane, are removed to less than part-per-billion 
levels in the fourth column, the silane distillate is extremely pure. It is 
collected, tested for purity, and vaporized by heating to ambient temperature 
before being pyrolyzed. 

In the pyrolysis reactor, the silane is expanded in a nozzle and is ir- 
reversibly decomposed into silicon powder and hydrogen according to: 

SiH 4 + Si(s) + 2H 2 

The hydrogen by-product is removed from the fine silicon powder and recycled to 
the hydrogenation section. The silicon powder is batch-fed into a heated quartz 
crucible where it is melted. The molten silicon is then dropped in a shotting 
apparatus to yield a nominal 2 mm spheroid and cooled to near ambient temperature 
before being removed as the final product of the process. 

The gaseous and liquid process wastes are gathered in headers and processed 
for disposal. Wastes are thermally oxidized in a burner and then axe scrubbed 
free of silicon and hydrogen chloride. The waste by-products are scrubbed ex- 
haust gas, silica powder, and muriatic acid. 
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FIGURE 1 

SILANE-SILICON PROCESS - BLOCK FLOW DIAGRAM 
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3 *° PROCESS DESCRIPTION/PROCESS FLOW DIAGRAM 


This process description should be read in conjunction with the process 
flow diagram, F-2073005, Alt. B., (Sheets 1-5). The stream numbers used in 
the description are used in the stream catalog (Section 4) . The equipment 
numbers used in the description are those used on the following equipment 
list (Section 6) and the functional specifications (Section 7) . 

The process design converts 98%-pure, commercial, metallurgical-grade si- 
licon into ultra high-purity silicon metal suitable for solar-cell applications. 
The feed metallurgical silicon is converted to gaseous trichlorosilane (TCS) 
in a hot, copper-catalyzed, fluid-bed reactor. Non-volatile, metal-chloride 
contaminants are separated from the reactor product stream by removal of a 
small, liquid fraction at its dewpoint, and hydrogen is subseqeuntly separated 
as a noncondensable gas from the condensed crude TCS liquid. The crude TCS 
liquid is stripped free of dissolved volatile impurities in a reboiled stripping 
column. The material is then processed through a series of three conventional 
distillation columns and two redistribution reactors. This equipment progres- 
sively replaces chlorine in the chlorosilane molecules with hydrogen, pushing 
the heavily chlorinated compounds back to the front of the process and hydrogen- 
rich molecules forward. Ultimately, silane is produced and subjected to a 
final distillation in the fourth column that yields an ultra-high purity, 
liquid-silane product. 

The pure silane is pyrolyzed to form hydrogen gas and high-purity silicon 
metal powder. The powder is consolidated by melting and removed from the pro- 
cess. 


Reference to the plant process flow diagram is suggested as necessary for 
following the ensuing detailed process description. 

3.1 Hydrogenation 

Ninety-eight percent pure powdered, metallurgical-grade silicon, having 
an average particle size of 300 microns, is received by tank truck and is 
transferred pneumatically (100) to the metallurgical-grade silicon storage 
bin, 41 1-02. by the truck’s on-board blower. The conveying air is passed 
through the metallurgical -grade silicon unloading filter, 417-02, before being 
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exhausted to the atmosphere. Silicon powder from the storage bin is batch 
fed to the hydrogenation catalyst blender, 428-02, into which a small 
amount of copper catalyst (101) is also being added. The catalyst/silicon 
powder blend is transferred by a conveyor, 428-04, to the metallurgical -grade 
silicon lock hopper, 421-02. Hydrogen gas (105) is used to pressurize the 
lock hopper to 550 psia after it has been purged free of air with utility 
nitrogen (1400). Lock hopper outlet valving is then opened and the silicon/ 
catalyst mixture is gravity-fed into the f luid -bed, . hydrogenation reactor, 425 - 02 
operating at 932°F and 515 psia. A recycle stream of hydrogen (122) and sili- 
con tetrachloride (STC) (123), heated to 961°F, is controlled such that the 
streams entering the reactor contains equal molar proportions of hydrogen and 
STC. Make-up hydrogen (104) is added to the hydrogenation reactor from 
pyrolysis recycle or hydrogen storage. 

In the hot (500°C), fluid-bed environment of the reactor, the STC is 
hydrogenated according to the overall reaction, 

Cu 

3SiCl 4 + 2H 2 + Si t 4HSiCl 3 , 

which is reversible and which, in the presence of copper catalyst and 
selected bed dimensions, proceeds nearly to equilibrium to yield a hot, over- 
head, vapor stream (108) that contains about 15% TCS, 44% unreacted hydrogen 
and 41% STC. This hot vapor also contains some unreacted silicon dust, cop- 
per powder, and all the trace metal contaminants released from the metallurgi- 
cal silicon in the reactor as metal chlorides. This stream is quenched to its 
dewpoint, about 180°C, by a large STC/TCS liquid recycle stream (111) in an 
efficient venturi and solids removal contactor 429-02. The two-phase product 
(110) is delivered to the waste settler tank, 421-04. Liquid STC/TCS from the 
settler tank is pimped by the quench contactor pump, 426-02, to the venturi 
quench contactor. Many of the metal contaminants form insoluble complexes with 
one another in this unit (e.g., aluminum chloride forms a complex with iron 
chloride) and settle to the bottom of the quiescent settler tank as sludge. 

A small stream (112) of STC/TCS liquid from the settler containing unreacted 
silicon powder dust, copper catalyst dust, complexed metal salt sludge and dis- 
solved metal salts is rejected through the waste chlorides tank, 421-06, to 
waste disposal. 
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The dust-free STC/TCS hydrogen stream, with depleted metal chloride con- 
taminants, flows from the settler through a double shell quench condenser, 
424-02, which condenses the STC/TCS from the noncondensable unreacted hydrogen 
to the quench condenser receiver, 421-08. The hydrogen gas (118) is separated 
from the STC/TCS condensate, increased in pressure by the recycle hydrogen 
compressor, 423-02, to 522 psia, and heated to 520°C in the recycle gas super- 
heater, 429-04, before being recycled to the fluid bed STC hydrogenation reac- 
tor (122). A small quantity of liquid STC/TCS (115) is circulated from the 
quench condenser receiver to the quench condenser by the quench condenser 
wash pump, 426-04. This liquid is sprayed on the tube walls of the quench 
condenser to wash away any metal chloride contaminants that may have carried 
over from the settler tank and been deposited. Liquid STC/TCS is also supplied 
by gravity from the quench condenser receiver to the settler tank (116) as re- 
quired to maintain a constant liquid level. The latent heat in this stream 
provides the cooling needed to reduce the temperature of the reactor product 
from the reactor outlet temperature of 500°C to the settler operating tempera- 
ture of approximately 180°C. Crude STC/TCS product (119) at ambient tempera- 
ture is delivered to the large, crude TCS storage tank, 421-10, operating at 
100 psia. This nitrogen-pressurized tank provides decoupling between the STC 
hydrogenation and the distillation/ redistribution/purification train. Shut- 
down of either plant section will not necessitate immediate outage of the other 
because of this feature. 

3.2 Distillation/Redistribution 

Crude STC/TCS liquid flows (125) from the crude TCS storage tank, 421-10, 
to the stripping column, 432-02, which operates at 70 psia and is designed to 
remove the 99% of the possible hydrogen sulfide dissolved in the feed. The 
stripping column is designed to accomplish two objectives: to remove all 

volatile contaminant gases lighter than silane to at least 0.01 PPB and to re- 
move 99% of the heaviest of the volatile contaminants. These contaminants are 
heavier than silane. It is not necessary to drive the stripper when removing 
the volatile contaminants heavier than silane since they will be rejected in 
the bottoms of the silane column, 432-08, and purged (226). The reboiler on 
the stripper, operating at 120°C, is driven by hot oil from a closed-loop, hot- 
oil heating system; heat is extracted from the overhead condenser by refrigera- 
tion. Overhead distillate vapor containing the rejected light gases is directed 
to waste incineration. Since the feed to the column contains significant 
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amounts of DCS, column operating conditions have been selected to minimize over- 
head losses of this valuable material. 

Crude STC/TCS liquid, free of dissolved volatile contaminants, flows (206) 
from the stripper reboiler, 432-02, to the TCS column, 432-04. The TCS column 
receives a second feed stream (212) containing a mixture of chlorosilanes in- 
cluding STC that has been recycled back from the reboiler, 434-10, of the DCS 
column. Operating at 55 psia, the. TCS column is designed to recover 97% of the 
total STC in its two feeds in the bottom liquid product, and 97% of the total 
TCS feed in its overhead distillate product. The STC bottom liquid product 
(238) is cooled by the STC cooler, 434-24, against cooling water and delivered 
to a low-pressure, liquid STC storage tank, 421-12. Liquid STC from this 
tank (127) is pumped through the hot end of the quench condenser, 424-02, 
which preheats the STC, through the recycle STC vaporizer, 424-04; heated to 
520°C in the recycle gas superheater, 429-04; and recycled back to the fluid- 
bed reactor (123). To make up for the small amounts of chlorine that are re- 
jected from the settler tank (112) and the stripper column overheads (2501), 
technical-grade STC is periodically added (102) to the inventory in the STC 
storage tank. 

The trace-metal contaminants CPCl^ » AsCl^, FeCl^, NiCl^, CuCl^, CaCl^, 
etc.) that enter with the crude STC/TCS liquid fed to the TCS Column (206) have 
a higher boiling point than STC and will, therefore, be rejected with the bot- 
toms product (238) back to the hydrogenation reactor through the STC vaporizer 
and superheater, and end up as sludge in the settler tank. If present, con- 
taminants lighter than STC CB , PH^, AsHj, BCl^, etc.) will leave the STC 
column with the distillate product. 

The TCS column overhead vapor (209), a mixture of MCS, DCS, and TCS, is 
totally condensed against cooling water in the TCS column condenser, 434-08. 

This liquid is pumped and divided between column reflux (213) and distillate 
product (214). The distillate product flows to the DCS column, 432-06. The 
DCS column, operating at 170 psia, receives a second feed (225) recycled from 
the reboiler, 432-08, of the silane column. Both feeds contain mixtures of 
chlorosilanes. Column operating conditions have been selected to deliver 97% 
of the total TCS contained in both feeds to the bottom and 97% of the DCS feed 
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to the top of the column as distillate product. The bottom product leaves 
(235) the hot-oil driven DCS column reboiler, 434=10, and is cooled to 70°C. 

It is fed (215) liquid-phase through an Amber lyst"^ A-21, amine base, ion-ex- 
change resin, catalytic-redistribution reactor, 435-02, before being recycled 
(212) back to the TCS column. The reactor catalyzes the following reactions: 

A-21 

2HSiCl_ t H-SiCl, + SiCl. 

3 2 2 4 

A-21 

2H 2 SiCl 2 £ H^SiCl + HSiClj 
A-21 

2H,SiCl £ SiH + H,SiCl, 

The reactor is sized to convert its feed, which is predominantly TCS, to 95% 
of its equilibrium value. The equilibrium of these reactions is such that only 
small quantities of silane and MCS are formed while substantial quantities of 
DCS and STC are produced. 

Overhead vapor (219) from the DCS column is totally condensed against 
cooling water in the DCS column condenser, 434-14, before being pumped and 
divided between reflux (220) and distillate product (222). This distillate 
product is cooled to 50°C against cooling water by the DCS cooler, 434-16, 
before being passed, liquid-phase, through a second redistribution reactor, 
435-04, similar to the unit previously described. The feed to this reactor, 
primarily DCS, is redistributed to form a spectrum of chlorosilane and silane 
that is consistent with the equilibrium reactions listed above. Silane, the 
ultimate product of this distillation/redistribution train, increased from 
0.44 to 11.45 mole percent in passing through the reactor. This redistribu- 
tion reactor also acts as a trap for residual boron impurities (BCl^, B^^) , 
which combine irreversibly with the amine-resin catalyst. 

The reactor product (224) is fed directly to the silane column, 432-08, 
operating at 360 psia. Operating conditions have been selected to permit re- 
jection as bottoms product all material except silane. The reboiler, 432-08, 
is driven by hot oil and heat is removed by the silane column condenser, 

434-18, by refrigeration. Volatile contaminants heavier than silane are not 


® 
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completely removed in the stripping column and therefore appear in the bottoms 
product. The most volatile of the potential contaminants (i.e., the contami- 
nant having the lowest boiling point) is diborane, Its normal boiling 

point is -93°C, while silane boils at -112°C and MCS at -31°C. Operating 
conditions for the column have been chosen to separate silane from diborane 
and all other higher-boiling contaminants. The column has a calculated ability 
to produce a silane distillate product containing <0.01 PPB diborane when the 
column feed contains 5 PPB. Ninety-seven percent of the silane contained in 
the column feed is removed as an ultra-high-purity overhead liquid product 
(231). This liquid silane is directed to one of four shift tanks. When the 
selected shift tank is filled, it is isolated and checked for purity and 
another tank is placed into service. Refrigeration is supplied to these tanks, 
as required, to compensate for ambient -heat leak and to prevent pressure build- 
up and loss of contents. When quality checks verify adequate purity, the 
liquid in the tank is vaporized at a controlled rate by raising the refriger- 
ant temperature to maintain a constant tank pressure while the vapor is re- 
moved from the top of the tank (233) . The vapor is then sent (235) to silane 
pyrolysis equipment for the production of the final, high-purity, silicon 
metal product. At any one time, one shift tank is receiving product liquid 
silane from the silane column, quality control analyses are being made on a > 
second unit, and the third tank is supplying silane to pyrolysis equipment. 

A fourth tank is available in the event the silane does not pass the quality 
control analyses; it can be used to accept product liquid silane while the 
silane that did not pass the quality check is being drained. 

All materials entering the silane column, other than silane, are removed 
as bottoms liquid product (239) consisting primarily of DCS and TCS with small 
amounts of MCS and STC. This liquid stream is returned to the DCS column. 

The possibility that certain contaminants of intermediate volatility could 
become trapped in sections of the distillation system has been recognized. For 
example, BCl^, whose boiling point falls between those of DCS and TCS, will re- 
port with the overhead distillate product (214) in the TCS column, ehter the 
DCS column, and be rejected to its bottoms product (236). The bottoms product, 
however, recycles back to the TCS column. Therefore, conceivably, the concentra- 
tion of BCl^ could build in the system to the level necessary either to force it 
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out the top of the DCS column or the bottom of the TCS column (assuming the 
material is not irreversibly trapped by the TCS redistribution reactor, 
435-02). To prevent impurity buildup, provision has been made to recycle a 
small bleed stream (237) from the bottom of the DCS column back to the STC 
tank. Similarly, contaminants whose boiling point fall between those of DCS 
and silane (e.g., PH^) could build in the liquid streams (222, 225) 

traveling between the DCS column and the silane column. To avoid this possi- 
bility, provisions have been made to bleed a small quantity of liquid from 
this system back to the STC tank. There is also the possibility that con- 
taminants heavier than STC are present in the STC storage , tank. These con- 
taminants could build up in the STC recycle vaporizer, 424-04, which would be 
blown down to the waste settler by a temporary connection, if required. In 
all cases, the bleed streams are designed to provide an exit path from the 
system. 

Boron is the most undesirable contaminant in the silicon metal used for 
electronic and semiconductor applications because it is electrically active 
and difficult to remove by solid-silicon, zone-refining techniques because of 
its unfavorable liquid/solid' distribution coefficient. Three methods of boron 
removal have been incorporated into the process design of this plant: 

• Small amounts of silane (240) , which may react with any BCl^ that 
is present and form & 2 ^ 6 ’ are t0 bottom of the stripper. 

The B^H^ will leave with the stTipper overhead product as opposed 
to BClg which leaves with the stripper crude bottoms product, 

• of product chlorosilanes through catalytic redistribu- 
tion reactors will result in the trapping of residual boron by 
this catalyst. 

• Finally, the silane distillation column is designed and operated 
to reject from the silane product any or all diborane that may be 
contained in its feed. 
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Any of these processing steps are capable of removing boron from the 
system to acceptable levels. There is conservatism and redundancy built into 
the process to assure complete boron removal. 

3.3 Silane Pyrolysis/Consoldiation 

Ultra-high-purity silane vapor flows (233) from the top of one of the 
silane storage tanks, 431-04, and is throttled to about 30 psia. The silane 
is passed through a micropore filter, 437-02, and injected by water-cooled 
nozzle (300) into six quartz-lined, free-space, silane-pyrolysis reactors, 
445-02. Each reactor is heated by a resistive heater element on the outside 
of the reactor, and the wall temperature is maintained at 960°C. The gas in 
the reactor is convectively heated to about 76Q°C; it decomposes exothermically 
to form silicon and hydrogen gas according to the reaction; 

SiH 4 ->■ Si + 2H 2 

The hydrogen produced is separated from the silicon powder by porous 
metal filters located in the lower chamber of each reactor. The hydrogen col- 
lected (311) then flows to a heat exchanger, 444-02, where it is cooled to 
100°F against cooling water. The cooled hydrogen is then compressed to the 
hydrogenation reactor pressure by a two-stage diaphragm compressor, 443-02, 
for subsequent recycle to hydrogenation. Mismatch in operating rate between 
pyrolysis and hydrogenation is balanced by either drawing hydrogen from a 
liquid hydrogen storage tank, 411-06, or by venting off excess hydrogen to the 
waste burners. These adjustments to the hydrogen flow are made after the first 
compression stage to maintain the first stage hydrogen quality at the electronic 
level. This hydrogen is required for use in purging and fluidization at the 
pyrolysis reactor, and can therefore be used without fear of contamination from 
outside sources. 

The silicon powder exiting the lower chamber of the pyrolysis reactors 
(303) is then dense-phased conveyed to a central silicon powder hopper, 441-12. 
This water-cooled hopper has an internal screen with 1/16" opening to remove 
any oversize silicon solids that are formed in the pyrolysis reactors. This 
is done to protect downstream powder feeding equipment. The powder is then 
fed batchwise to any of 12 melter/shotting assemblies. The powder transfer is 
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conveyed using argon or hydrogen pressure to overcome piping resistance. The 
control over this cycled transfer is achieved by a local microprocessor. 

Each melter/ shotting assembly (449-04) consists of a small powder bin 
which receives periodic refill from the central powder hopper, 441-12; a 
twin-flight screw feeder which feeds the silicon powder at a controlled rate 
from the small powder bin to the melting chamber; a resistance-heated, 
quartz-crucible melting furnace based on a Hamco CG-2000; which forms a stream 
of molten shot by forcing silicon through one or more orifices in the bottom 
of the apparatus; and a water-jacketed shotting tower where the molten silicon 
shot is allowed to a free-fall through hydrogen gas to "skin over" the shot 
followed by a soft landing and subsequent cooling to about 70 °C in a slightly 
fluidized bed. The cooled silicon shot is continuously removed from each 
shotting tower by a rotary valve, 448-08 which admits the shot to a shrouded 
central conveyor, 448-06. These rotary valves form a gas seal between the 
hydrogen atmosphere shotting towers and the nitrogen atmosphere conveyor. 

The side plates of the rotary valves are additionally tapped to allow the 
pockets to be atmosphere exchanged as the valve meters the shot to the conveyor. 

The twelve melter/ shotting assemblies, with the respective rotary valves 
are arranged in a line of six units on either side of the central shot con- 
veyor. Each line of six units is served by a blower, 443-04, to recirculate 
cooling hydrogen through the lower fluidized portion of the shotting towers; 
a filter 447-02, to remove silicon fines from the cooling hydrogen circuit; 
and a water-driven cooler, 444-04, to cool the recirculated hydrogen gas. 

These recirculating hydrogen loops operate between 65°C and 35°C and are con- 
trolled to maintain a slightly fluidized condition inside the lower portion of 
the shotting towers and a pressure of 15.2 to 15.7 psia. 

The silicon shot is conveyed to an enclosed nitrogen-atmosphere silicon 
shot bin, 441-08, which holds up to one day's production. Nitrogen is added 
to the bottom of the bin through mesh pad distributors and flows up through 
the shot to finish the cooling process and maintain an inert atmosphere. The 
nitrogen flows from the top of the bin, down the conveyor and removed at the 
other end of the conveyor. This nitrogen flow is then recirculated back to 
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the bottom of the shot bin by a central blower, 443-08. The shot is 
periodically removed from the bottom of the bin and loaded into plastic- 
lined 55-gallon drums for shipping. Drums are weighed by a scale, 448-10, 
as they are being filled and tagged as to lot number, net weight and date of 
manufacture. Samples of each lot are taken for quality control testing. 

On the average five pyrolysis reactors and eleven melters are required 
for meeting capacity. The remaining units are spares to allow for rebuilding. 

3.4 Waste Disposal 

Waste streams are disposed in an environmentally acceptable manner by 
high temperature flame hydrolysis of chlorosilanes in (commercial burners) to 
form hydrogen chloride gas and a fluffy silica solid, known commercially as 
fumed silica. These reaction products are removed from the combustion gases 
by the combination of a bag filter and various wet scrubbers. The cleaned 
combustion gases are then vented to the atmosphere by a blower. 

Process wastes are divided into four collection headers: potentially 

combustible gases containing hydrogen, but no silane or chlorosilanes (2299); 
chlorosilane gases with more chlorine than hydrogen (2499); silane/chlorosilane 
gases with more hydrogen than chlorine (2599); and chlorosilane liquids (406). 
The silane/chlorosilane-free gases are passed through a bag filter, 457-04, 
before venting to atmosphere. Similarly a bag filter, 417-02, is located over 
the metallurgical-silicon storage bin, 411-02, to collect silicon fines before 
venting. The fines from these filters can either be processed through the 
hydrogenation reactor or disposed of as trash. 

Chlorosi lane-bearing gases (404) are combusted to yield hydrogen chloride 
and silica in a waste burner, 459-10. Silane- or hydrogen -bearing gases (2500) 
are combusted in a separate burner, 459-08. Liquid wastes are collected (406) 
and combusted in an atomizing, waste burner, 459-14. The various burners all 
discharge into a vacuum collection system together with enough excess air to 
quench the flames. To convert all chlorinated material to hydrogen chloride, 
hydrogen funtionality is added, where necessary, in the form of natural gas. 
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To minimize atmospheric venting of chlorosilanes as a result of process upsets, 
overpressure relief lines are manifolded to a pressure-relief catch tank, 

451-06, which phase-separates and feeds material to the appropriate burner 
for disposal. 

Combustion gases from the burners are cooled in the silica agglomerator, 
459-16, to about 150-200°C. Silica particles formed in the combustion process 
agglomerate when cooled in this fashion to form larger, more easily controlled 
particles. The fumed silica, along with metal oxides formed in the flame, are 
collected by bag filters, 457-06 and 457-08. Trace sub-micronic solids remain- 
ing in the combustion gases (421) are removed by a high-energy venturi, 459-02, 
driven by a medium- strength, muriatic solution. As the combustion gases pass 
through the venturi, they are cooled to near dewpoint by humidification. The 
gases, cleaned of solids, are then scrubbed free of hydrogen chloride with a 
two-stage venturi ejector, 459-04 and 459-06, producing a nominal 20% muriatic 
acid solution. The scrubbed gases, cleaned of hydrogen chloride to low levels, 
then pass through the muriatic tailing column, 452-02, where the gases are 
neutralized with a lime solution. The gas that is exhausted to the atmosphere 
(443) by the waste induction blower, 453-04, has solid-particulate and hydrogen- 
chloride levels that are well below regulated limits. 

The solids collected by the bag filters, primarily fumed silica, are 
discharged through a cyclone, 458-02, and an airlock to the silica dust bin, 
451-08. The silica dust (432) is periodically packed into transportable bins, 
451-17 using a vibrating table, 458-04, to densify the dust. 

The high-energy venturi, 459-02, is purged (426) of collected solids when- 
ever the solids concentration increases to about 2%. Approximately 500 gallons 
of liquid is purged into a neutralizing tank, 451-10, equipped with a sand fil- 
ter where it is neutralized with lime, causing solid precipitation. Leachable 
calcium chloride is filtered from the solids by gravity percolation through the 
sand filter and is released to the sewer. 

The fumed silica by-product from the bag filters is marketable as a low- 
performance filler for asphalt and glue bulking. The medium- strength, muriatic 
acid is marketable for such applications as pickling metals. 
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4.0 HEAT AND MASS BALANCE 


The heat and mass balance for the commercial process is contained in 
the following pages. The equipment and stream numbers correspond to the 
process flow diagram presented in the previous section. 

4 . 1 Heat Duties 

The listing of heat duties presented in Table I is a complete listing of 
the thermal requirements of the heat exchangers in the process. 
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TABLE I 


1000 MT/YR COMMERCIAL PLANT HEAT DUTIES (ISSUE 3) 


Equipment No. 

Equipment Name 

Heat Duty 
(Btu/Hr) 

424-02 

Quench Condenser 

8,182,600 

424-04 

Recycle STC Vaporizer 

1,840,700 

429-06 

Recycle STC Superheater 

3,098,700 

429-08 

Recycle H 2 Superheater 

1,575,100 

434-02 

Stripper Condenser 

170,000 

432-02 

Stripper Reboiler 

1,095,300 

434-06 

TCS Column Reboiler 

8,536,000 

434-08 

TCS Column Condenser 

8,623,500 

434-10 

DCS Column Reboiler 

5,320,000 

434-12 

TCS Cooler 

1,230,000 

434-14 

DCS Column Condenser 

4,480,000 

434-16 

DCS Cooler 

220,000 

434-18 

Silane Column Condenser 

174,100 

432-08 

Silane Column Reboiler 

650,600 

432-26 

Refrigerant Heater 

45,000 

434-24 

STC Cooler 

649,800 

444-02 

Pyrolysis Hydrogen Cooler 

237,000 

444-04 

Shotting Hydrogen Cooler 

2,800 
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4.2 Stream Catalog 

The stream catalog contains the flow rates and physical properties of the 
streams for the 1000 MT/Yr mass balance. The stream numbers correspond to the 
process flow diagram (Figure 2). 
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18 T i ) T A |. POUNDS 

0 • ft 1 5 / \» r. ♦ 0 A 

0.71 737E.nl 

U . 291 85E* 03 

0 . 5 / bOSE ♦ 00 

0 • 57029E ♦ 02 

0 .58 1 9bE ♦ OA 

0 . A 0232E * 03 



100 0 M r / Y E A R PHYSICAL PROPERTIES 


SIREAM NUMBER 

100 

109 

110 

111 

112 

113 

1 1 A 

temperature, oeg e. 

U.9J200E*Q3 

0. 12000E*0J 

0 . 37501 E* 03 

0 . 3560QE *03 

0 . 35600E * 03 

0 • 3S60QE *03 

0 . 1 0000E* 03 

PRESSURE* f'S I A 

0 .S 1 a 7 0t *03 

O.20OU0E *02 

0.51 3 7 OE *03 

0.57A7QE *03 

0.51270E*03 

O.S1270E*03 

0.51 1 70E*03 

L 1 (KUO FRACTION 

0.0 

0.10000E*01 

0 . 50000E * 00 

0. 10000E.01 

0. 10000E*01 

0.0 

0 . 5000 0E* 00 

VISCOSITY. CEMTI POISE 

0.2H7I5E-01 

0.3605SE * 00 

0.A710VE-0I 

0.1 151 1E*00 

0.1 2005E * 00 

0.20711E-01 

0.301 2flE *00 

l HER .COMO • « HTU/IIR-ET-E 

0.33S7HE-0I 

0.S2M9HC-01 

0.2S5ADE-01 

0.3U666E-01 

0 . 3H605E-0 1 

0. 15727E-01 

0 . 56006E-0 1 

DENSITY. 1 ll/ET "°3 

0.31 780E *01 

0 .82225E *02 

0. 10701E*02 

0 . 591 67E *02 

0 • 61 A23E ♦ 02 

0.flaSA7E*01 

0 ■ 607A8E *02 

SURE ACE TENSION. flYNES/CM 

0.0 

0.1671 bE *02 

Q.69A70E-G1 

0 . 20666E *01 

0.23U0AE«01 

0.0 

0. I6683E.01 

PRANDTL NUmOER 

O.AO07AE*0Q 

0 . 3201 3E * 0 1 

0.8A229E*00 

0,20IS5E*01 

0 . 20A OOfc ♦ 0 l 

0 . 23A50E *00 

0 . 20A 1 9E ♦ 0 1 

DEW PT. / tiUHHLE PT..E 

0.0 

0. 1501 2E* 03 

0 . 3 750 IE * 03 

0.0 

0.0 

0.0 

0.1 0000E*03 

ENTHALPY, dtu/lh 

0 .22673E *03 

-0.2Ml67E*0l 

0 . 8020HE* 02 

0 . A7986E * 02' 

0 .50999E * 02 

0. 1058SE*03 

0 . 3 7597E *02 

SPtCiriC HEAT. HTU/L't-r 

0 • 1 93b9t *00 

0 . 1 9269E * 00 

0. I3912E*00 

0 . 2/3AAE* 00 

0.267A6E«00 

0.U52ABE-01 

0.21 06AE *00 

FLOW « ENTHALPY, rtu/hr 

0.«o335E‘07 

-0 .H3200E « 05 

0.0 

0.6?767E*07 

0« 1 3322E * 05 

0 . 852 1 AE *07 

0.0 

AVERAGE MOLECULAR weight 

U.9l29t)E*02 

0. 16H16E*0J 

0.1 3652E* 03 

0. 16016E.03 

0. 1S1A3E*03 

0, 1 165/f *03 

0.1 1 797E * 03 

COMPOSITION, lh/hr 








I rtrpROGEN 

0.37A17E«03 

0.0 

0 . J957AE * 03 

0.21S71E*02 

0 . 331 97E-0 1 

0. 3U50SE *0 3 

0 . 38606E * 0 3 

2 NITROGfN 

0,2 /B65E * 0 1 

0.0 

0.30A56E*0! 

0.2H9J2E.00 

0 . AA2B5E-03 

0 . 29033E *01 

0.291 70E • 0 1 

:i argon 

0.0 

0.0 

0.0 

0.0 

0-0 

0.0 

0.0 

A OXYGEN 

0.0 

U.O 

0.0 

0.0 

0.0 

0.0 

0.0 

5 CAROON MONOXIDE 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

6 (-APRON DIOXIDE 

U.O 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

7 ME THAN! 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

a hydrogen chloride 

U. 1 2h 7 Jt *02 

0.0 

0.200A6E.02 

0. 737J5E«Ol 

0.81 IAAt-02 

0.17a3SE*02 

0. 1 78H0E * 02 

>1 SII.ANE 

G.U562BE-02 

.0.11 7a 7E -02 

0. 120J0E-01 

0.3A67 JE-02 

Q.2AA 0AE-05 

0. 1 1256T -01 

0.1 I506E-01 

10 MONOCMLOROSILANE 

O.lJJlJt‘01 

0. 122?AE * 00 

0.296G7E* 01 

0. 1635AE* 01 

0- 15861E-02 

0.2A576E *01 

0 . 2562AE *01 

11 UICHI. OPOSlLANE 

0. 156A5E* 03 

0.1 H995E * 01 

0 .51 025E * 03 

0.3S3HIE*0J 

0 .62030E ♦ 00 

0 . 31 0 7 1 E • 03 

0 . 3251 2E * 03 

IP TRICHLOrtOSIL AME 

(1.0696 It" *OM 

0. 13965L*0A 

0.31»mE*05 

0 . 231 9HE *05 

0.A<*529E*02 

0. 1 750 IE *05 

0. 1UA10E*05 

1.1 SILICON TETRACHLORIDE 

0.2R72aL*U5 

0. J3029E *05 

0 . 1 369AE * 06 

0 . 1 0 722E • 06 

0.23336E»03 

0.621 9aE • 05 

O.6520llE*O5 

10 CHLORINE 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

15 S IE AH / WATER 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

16 SILICON 

0 . 1 6865t * 01 

0.0 

0 . 1 7 750E *01 

0 . TUTA55E-0 1 

0 . 1 6865E ♦ 0 1 

0.0 

0.0 

1 7 COPPER 

0 . 7 1 7 J7E* 01 

0.0 

0.71737E*0I 

0.0 

0.71 737E *0 1 

0.0 

0.0 

in total pounos 

0. 3H976E»05 

0 « 3AM27E ♦ 05 

0.1G97IIE*06 

0. 1 30H0E *06 

0.2fl7AlE*O3 

0 . U0A93E ♦ 05 

0. 8A352E *05 


10 0 0 


M I / V F. A R PHYSICAL PROPERTIES 


SHEAR NUMBER 

1 1*5 

1 lb 

117 

118 

119 

120 

121 

TEMPERATURE • OEG F. 

0. 1 OUOOl * 03 

0.1 OUOOE *03 

0. 10000E.03 

0. 10000 E* 03 

0 . 1 OOOOE. 03 

0. 10000E.03 

0.10000E.03 

PRESSURE. PS I A 

0.SI370E»03 

0.51 3/01*03 

0»57?70E*03 

0.51070E‘03 

0.51070E«03 

0.51070E*03 

0.521 70E*03 

t.iouio fraction 

0.100001*01 

0.100001*01 

0.10000E.Q1 

0.0 

0 • 1 OOOOE * 0 1 

0.0 

0.0 

VISCOSITY. CENTIPOISE 

0 . JS29AE *00 

0 . 3S29A£ « Ufl 

0.3529 Al* 00 

0. 16082E-01 

0 . 3529AE 4 00 

0. 160B2E-01 

0.161B7E-01 

THfcH.COND. « MTU/HR-FT-F 

0 . 5A397E-0 1 

0.5A J97E-01 

0.5A397E-01 

Q.62A00E-01 

0.SA397E-01 

0.62a00E -0 1 

0 . 626S0E-0 1 

DENSITY. LH/FT«»3 

0.81 7U7E*02 

0.0 1 7B6E ♦ 02 

0.81787E*02 

0 • 1 730JE . 0 1 

0.81 7B7E*02 

0. 17303E*01 

0.1 7673E.01 

SURT ACE TENSION, DYNES/CM 

0 .801 A AE ♦ 0 1 

0.HU1A3E*01 

0.731 3AE *01 

0.0 

' 0 • 805 1 3E » 0 1 

0.0 

0.0 

PRANOTl NUMBER 

0.31 A 10t*01 

0. 3)A0UE*01 

0 . 3 1 A 1 OE • 0 1 

0 • 257A5E »00 

0.31 A 06E . 0 1 

0.257a5E*00 

0 .250 1 OE ♦ 00 

DC vY PT. / HUiiHLE PT..F 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

ENTHALPY, htu/lu 

-0.791921*01 

-0.791 92E *01 

-0.79193E.01 

0.225J9E.03 

-0.79193E.01 

0.2251 9E*03 

0.225201*03 

SPECIFIC HEAT. tjTU/I.H-F 

0.1 99HOE • 00 

0 . 19990E • 00 

0. |99flbE.OO 

0 . A 1 A 1 7 E » 0 0 

0.1 9987E *00 

0.A1A1 7E*00 

.0 . A 1 29 3E ♦ 00 

flop <* Enthalpy, riu/hr 

-0. 30562E *05 

-0.32B32E *06 

-O.3OS63£»05 

0. 9A590E *06 

-0 • 2758 7E » 06 

0 . 9A590E* 06 

0. 9A596E *06 

average molecular' height 

0 . 1 573HE *03 

0.157386*03 

0 . 1 5738E » 03 

0.20A17E.02 

0.15738E.Q3 

0.20AI 7E«02 

0.20A17E*02 

COMPOSITION, lh/mr 








1 HYDROGEN 

0. 1016HE*01 

0.1 0922F *02 

0.1 01 THE* 01 

0. 36A96E *0 3 

0.91 778E»0l 

0. 36A96E *03 

0. 36A96E *03 

2 NITROGEN 

0.I3711E-01 

0 . 1 A 729E *00 

0.1371 IE-01 

0 .2632 1 E . 0 1 

0.12377E*00 

0.2632IE*01 

0.2632 IE* 01 

.1 ARGON 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

A OXYGEN 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

s caption .monox ioe 

0.0 

0.0 

0.(1 

0.0 

0.0 

0.0 

0.0 

s Carson dioxide 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

V METHANE 

0.0 

0.0 

0.0 

U.O 

0.0 

0.0 

0.0 

H hydrogen chloride 

0 . AA a 1 3E * 00 

0.A/7(,9E*01 

0 . A AA l 3E • 00 

0.U655HE »01 

0 . A0089E « 01 

0 . H655UE ♦ 0 1 

0 . 0h5SUE * 0 1 

9 Sit ANE 

U.2A992E-03 

0 . 26HAHF -<)2 

0.29992E-03 

0.63157E-02 

0.22559E-02 

0.631571-02 

0.631 571-02 

10 momochloRosilane 

0.1 0A8HE *00 

O.lUfo/E‘01 

0.1 OAUDE‘00 

0 . 3HA2AE *00 

0.9A668E»00 

0 . 3DA2 AE » 00 

0.3BA2AE*00 

>\ DICHLOROSJLANE 

0 . 1 A A 1 6E * 02 

0. ISAtU.F.OJ 

O.lAAIbE‘02 

0.2S717E»02 

0 . 1 30 1 3E * 03 

0.2571 7E*02 

0.25717E*02 

l? TRICHLOROSILANF 

0 . M299AE *03 

0.89156E*0A 

0.6299AE * 03 

0. 1 l 7A0E * OA 

0.7A915E* OA 

0.1 1 7A0E »0A 

0.11 7 A 0 E ♦ 0 A 

»:i SILICON TEIRACMLORIDE 

0.301 33E *00 

0.32371E.0S 

0.-30 1 33E * OA 

0 . 262A 1 E » 0 A 

0.271 99E » 05 

0 .262A 1 E » OA 

0 . 262 A 1 E ♦ OA 

1 A Chlorine 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

IS STEAM / WATER 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

1 A SILICON 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

17 COPPER 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

IH TOTAL POUNDS 

0 . 3H593E ♦ OA 

0 . A l A56E » OS 

0 • 3H593E » OA 

0. A2005E.0A 

0 . 3A83SE < 05 

0 . A200SE » OA 

O.A2O05E*0A 


1000 M I / Y £ A R PHYSICAL H B 0 P E # I It'S 


SI REAM numhew 

122 

123 

12A 

12S 

126 

127 

120 

TEMPERATURE • OEG f. 

0.96100t*03 

0.969U1E »03 

0 .4A299E *03 

0. I OOOOE‘03 

0. lOOOOE’OI 

0 • 75002E *02 

0 . 75002E » 02 

PRESSURE. PS 1 a 

0 .SI 6 70K *03 

0.S1G/0F*0J 

0 .S2! 70E‘03 

O.9SOO0E‘O2 

0 • 1 0000E • 0 3 

0.20000E *02 

0.52670t*03 

L 1 GUI 1) FRACTION 

0.0 

0.0 ‘ 

0.0 

0. 10000E‘01 

0 . 1 OOOOE ♦ 0 1 

0. 1000QE*01 

0. 10000E*01 

VISCOSITY. CENTIPOISE 

0.290S2E-01 

0 . 2H 1 ONE - 0 1 

0.27952F.-0I 

0 . 3S29AE *00 

0 . 3S29AE ‘00 

0 .AA96SE *00 

0.AA9b5E*00 

TMER.COND.. RTU/HR-FT-E 

0. I2573t*00 

0.12S9|E-0l 

0.97127E-02 

0 . 5A397E-0 l 

0.SA39/E-0I 

0.5011QE-01 

0.SH1 10K-01 

DENSITY. Llt/F T®“ ] 

0.6HA20E*00 

0.61206E .01 

0 .2 1 1 07E« 02 

0.B1 /B7E*02 

O.U1 VB7E*02 

0.UAB8JE *02 

0 . (1A003E ♦ 02 

SURFACE TENSION. OYNES/C'T 

0.0 

0.0 

0.0 

0.1A539E .02 

0*1 A A AAE *02 

0. 1B960E*02 

0.B733AE*01 

PW AN!) Tl NUMIJEH 

0.2Sa26E*00 

O.llAUliOE.OO 

-0 . 1 222AE *01 

0. 31A0HE *01 

0. 3 1 A06E * 0 1 

0 . 36020E *01 

0.36020E.01 

l)EP “T. / DUHHlE PT..F 

0.0 

0.AA22RE.0J 

0 . A A3A7E • 03 

0.0 

0.0 

0 . ISO 1 5£*03 

0.AA3AAE.03 

ENTHALPY, hTu/lh 

0.S9650t*03 

0 . lft607E*0 3 

0 .95(1 16E • 02 

-0.791 9aE*0 1 

-0.7919AE‘01 

-0.1 1063£*02 

-0.1 1 063E *02 

SPECIFIC HfAT. llTIJ/I.H-f 

0 . ASA ASE ♦ 00 

0. 156S8E *00 

-0 . 1 At)2AE »00 

0. 1997BE»00 

0.1 99H0E ♦ 00 

0 • 1 92A2E *00 

0. 19?A2F.*00 

flow « enthalpy, rtu/hh 

0.250S6E *07 

0 .6395AE *0 7 

0 .32932E *07 

-0.275B7E *06 

-0.27SH7E ‘06 

-0 . 3UA09E *06 

-0 . 30A09E *06 

AVERAGE MOLECULAR WEIGHT 

0, 20A 1 7£ * 02 

0. 1601 BE « 03 

0. I6B10E»03 

0. 1S/3BE »03 

0. 1573BE* 03 

0. 16B1UE*03 

0. I6B1BE.03 

COMPOSITION, lr/hr 








1 hydrogen 

0.36A96E»03 

0.0 

0.0 

0 .91 7 7BE ♦ 0 1 

0.9177BE‘01 

0.0 

0.0 

2 NITROGEN 

0 .26321 £♦ 0 1 . 

0.0 

0.0 

0. 1237 7E*00 

0 . 1 2377E* 00 

0.0 

0.0 

» ARGON 

0.0 

0.0 

0.0 

0.0 

0>0 

0.0 

0.0 

A OXYGEN 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

S CARHON MONOXIDE 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

6 C APRON DIOXIDE 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

7 METHANE 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

H HYDROGEN CHLORIDE 

0 • H6SSHE * 0 1 

0.0 

0.0 

0 . A00B9E <01 

0 • A0OH9E ♦ 0 1 

0.0 

0.0 

9 SILANE 

0.G31S 7E-02 

0. 1 IG29E-02 

0.II629E-02 

0.22SS9E-02 

0-225S9E-02 

0.11 7A7E-02 

0.) 17A7E-02 

10 MDNOCHl.OROSII.ANE 

0. 3BA2AE* 00 

0. 121S1E.00 

0. I2IS1E.00 

0.9AbbHE«00 

0 . 9A66HE »00 

0. 1227AE*00 

0. 12?7AE*00 

II UICHI.OROSILANE 

0 .25 7 1 7E ♦ 02 

0 . 1 WHOSE «0I 

0.1 HHQSE * 0 1 

0.1301 JE*03 

0 • 1 301 3E • 03 

0. 1H995F «01 

• 0.1 B995E * 0 1 

IP trichloivosilane 

0.1 17A0E‘0A 

0.1 3H2SE.0A 

0 . 1 JR25E ♦ OA 

0.7A9ISE *0A 

0 . 7A91 St ♦ OA 

0. 1 )965F*0A 

0.1 3965E * OA 

13 SILICON TETRACHLORIDE 

0.262A|E*0A 

0 . 32DR6E « 05 

0 . 329R6E » OS 

0.271 99E ♦ OS 

0.271 99E * OS 

0 . 3332 IE *05 

0 . 33321 E » 05 

1 a chi. or hie 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

r* STEAM / WATER 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

|6 SILICON 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

1 7 COPPER 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

III tOTM POUNDS 

U . A200SE ♦ OA 

0 . 3A J7 1 E « OS 

0 .3A37 1 E ♦ OS 

0. 3A035E * 05 

0 . 3AI135E *05 

0. JA719E..05 

0 . 34 7 1 9C * 05 



i o o o hi/ y £ a f? y 5 i cu HOMim f s 


isi 

K> 


r < i i<r a m miimHfk 

129 

131 

132 

137 

13B 

200 

201 

TEMPER AT JHE • 0E«i f . 

0. 3S600E *03 

0.77000E.02 

0 • AA299E * 03 

0.32l67E»03 

0 . 3399BE* 03 

0 . 2 1 700E*03 

0.21AB1E.03 

PRESSURE. PSIA 

U.S1270E*03 

0.lAS)uof.02 

0 .52ft70E * 03 

0 .S1255E *03 

0.52670E*03 

0.5S000£*02 

0 . 69600E *02 

Lnwm fraction 

0. 100006*01 

0.0 

O.IOOOOE.OI 

0.50000E«00 

0.10000001 

0.10000£*01 

0. 10000E.01 

VISCOSITY. Cf.Nll POISE 

O.l Ibl ll:»00 

0.0 

0 .SOOU7E-0 1 

O.AU3/8E-01 

0.1A221E*00 

0 . 2A725E *00 

0 . 22U03E*00 

THt'<.COND. . ilVU/MR-FT-F 

O.JHbftftE-01 

0. lA9bHE-0l 

0.3U9A7E-0) 

0.272b3E-01 

0.3H29IF.-01 

0.A3S61E-01 

0 . A3923E -0 1 

DENSITY. L»/FT««3 

0.b9 1 6 7E *02 

0 .6096BE ♦ 02 

0 • A29J 7E ‘ 02 

0 . 920AQE* o 1 

0 .639 1 OE ♦ 02 

0 . 75552E *02 

0 . 7b6A OK * 02 

SURFACE TENSION. OYNES/CM 

0.22662E*0l 

0.0 

0 • AHB50E* 00 

0.7070UE-01 • 

0 . 3096AE * 0 1 

0.1 1 A29E ‘02 

0 . 1 009AE * 02 

PHANUIL NUMBER 

Q.201AAE*01 

0 . 7O090E *00 

-0.30932E*00 

0 . 77b27E *00 

0.22333E*01 

0 . 27559E *0 1 

0. 277 b'. E* 01 

new pt. / hmuhle pt. ,f 

0.0 

-0 . 32022E » 0 3 

0.AA3aAE*03 

0.32167E*03 

0.AA3AAE»03 

0.210ftftE*03 

0 . 2 1 ft 72E » 03 

enthalpy. fllU/Lli 

Q.A799ftE*02 

0 . 1 32bb£ ♦ 03 

4 0 .92A9AE* 02 

0.76A1IE.02 

0.A3I30E*02 

0. 16502E*02 

0.1 A6B6E *02 

sptcirir he a i , dtu/lh-f 

0.2 I235E *00 

0.1 7UU5E *00 

-0.99A25E-01 

0.173331*00 

0.2AB5BE»00 

0.2007 IE* 00 

0.22123E*00 

flow » Enthalpy. htu/hr 

U.b2779£*07 

0.0 

0.3211 aE * 05 

0.0 

0. 1A97 7£*07 

O.bbBl IE *06 

0.7a?77E*O6 

AVERAGE mOlECUlAH WEIGHT 

0. Ift016t*03 

0 . 2H090E * 02 

0 • 1 6H1BE * 03 

0.1 179/E.03 

0.16B1HE.03 

0.16B16£*03 

0. 15U70E.03 


COMPOSITION* lo/hp 


1 

HYOROGf N 

0.2IS71E.02 

0.0 

0.0 

0.3«b06E»03 

0.0 

0.0 

0.0 

2 

N | T 9(I()FN 

U.2H932E.O0 

0.23A12F.00 

0.0 

0 .291 70E ♦ 01 

0.0 

0.0 

0.0 

3 

argon 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

A 

(M Y'iE 9 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

S 

CAPftON momOxidf 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

ft 

Cad'ION DIOXIDE 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

7 

ME T HA 'If 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

ft 

HYDROGEN CMI.Oft 1 l)E 

0. 7 J735E.OI 

0 . 0 

0.0 

0. 1 7UU0E *02 

0.0 

0.0 

0.0 

«) 

SILANE 

0. JAb73E-02 

0.0 

0.1 1 7A7E-OA 

0. 1 1 b0<>E-0 1 

0.I17A7E-02 

0.1 17 A 7E-02 

0.2761 1E» 00 

10 

MiJHOCHLOI'OSILANE 

0.lft35At*01 

0.0 

0. 1227AE-02 

0 . 25b2A£ * 0 1 

0.1227AE*00 

0. I227AE*00 

0. 127A0E-0I 

1 I 

U I CHI. i)9f)S I LANE 

0. 3'i.Jn 1 L ‘03 

0.0 

0.1B995E-Q1 

0 . 32b 1 2E * 0 3 

0 . ) B995E *01 

0. 1B995E*01 

0 . 2B666E * 0 3 

12 

T •> | CHLUROS 1 L ANE 

0 . 231 9ftt * OS 

0.0 

Q.l J96bE*02 

0 . 1 BA 1 OE *05 

0 • l 3965E * 0 A 

0. 13965E*0A 

0.1 32Bft£.05 

13 

SILICON TE TO ACH|. UN IDE 

0. 10722E*06 

0.0 

0.33321E»03 

0 . 6520HE *05 

0 . 33321 E ♦ 05 

0 . 33029E «05 

0 . 3 7002E *05 

»'• 

Oil. OPINE 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

15 

STEAM / waTEM 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

1ft 

SILICON 

0.BHA55E-01 

0 . 3376AE *03 

0.0 

0.0 

0.0 

0.0 

0.0 

17 

COPPER 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

1 A 

total pounds 

0.1 JOBOfO ft 

0 • 33 7aftE «0 J 

0. JA719E.Q3 

0 . BA352E *05 

0. 3A 7 1 9E * 05 

0.3AA27£*05 

0 . 5057BE * 05 



looo m i / y e a « i* h m c >1 t p « n t» e r i i t. s 


SI HE AN \|t)HHEI< 

202 

203 

20A 

205 

206 

207 

20H 

Tf.MPEWATlJPE* 0E0 F. 

0.2IN0OE *03 

0 . 1 302 1 E * 03 

-0.25600E*02 

-0.25600E»02 

0.21 900E * 03 

0 . 2 1 32 1 b* 03 

0.21 7A0b*03 

PHESSllA’E. (»S | A 

0. /OOOQt *02 

0.6SA00E *02 

0 .644 00b *02 

0 . 70000E • 02 

0 « 70000E *02 

0 .5AII00E *02 

0.55000E*0? 

l.lijlim FPACl ION 

0.0 

0.0 

0. iOOOOE.Ol 

0 . 1 0000b *0 1 

0. 1 0 000K * 0 1 

b. 1 OOOOE *01 

0.0 

VISCOSITY. CENT 1 1>0 I SF 

0.1 »7»>9b-01 

0. 12JPUE-01 

0 .2A3 73E » 00 

0.53910E*00 

0 .22H97b* 00 

0 . 2A720E ♦ 00 

0. 1362SE-0I 

IMLP.COND. . HTU/HP-FT-F 

0.S7A33E-02 

0. ll'*U2E-0l 

0 . 700B5E-0 1 

0.7011 7E '01 

0.4361 3E-0I 

0 . 43064E *0 1 

0 , 5A722E-02 

DENSITY. I.H/F4'»»3 

0.1644 Jt«0l 

0.0 7653b *00 

O.S 7652b *02 

Q.90SA9h*02 

0. 75339E * 02 

0. 75UA9E*02 

0. 13731E*01 

shot ace tension. OyNES/CM 

0.0 

0.0 

0 • 3906BE * 0 1 

0. Ids lllE *02 

0.10B01E *02 

0 . 1 1 55 3E *02 

0.0 

PHANOTl NUMHEH 

0.731 il Af_ ♦ 00 

0.4 1629b *00 

0 . 20309E *0) 

0.39/ 68b *01 

0.27603b *01 

0.2766SE»Q1 

0 . 69A09E *00 

Ul-:w PT . / rfObOt.E PT..F 

0 . 2209 7t • 03 

0.0 

0.0 

0.0 

0* 2229DE *03 

0.21 555E *03 

0.21B16E»03 

ENTHALPY* f)TU/tU 

0 . H0406E * 02 

0. 7<JV2|E*02 

-0 • A2O06E * 02 

'0 . 529U9E * 02 

0.1 5095b * 02 

0.1555BE*02 

0 . 8 1 003b *02 

SPtCIFIC NfAl, uTU/LH-K 

U.lSlbAt*00 

0.16505F .00 

0 .2J75HE *00 

0 .21592E *00 

0.2173 A b*00 

0. 20292b *00 

0 . 1 46 l 4b ♦ 00 

FLOW « ENTHALPY. HTII/HW 

0. 12692b *07 

0. 1 0691 E* 00 

-0 .S7259E • 05 

-0.69260E*05 

0 .55327b* 06 

0 .2534.4E *07 

0.I0410E*0H 

AVERAGE MOLECULAR WEIGHT 

0. 1Sa36E*03 

0.M0M50E*02 

0.«QH5QE*0? 

0 . 1 l2AQb* 0 3 

'0 • 1 607 A b* 03 

0.16675E*03 

0.1 6636E *03 

COMPOSITION. LM/HP 








1 HYOPOGEN 

0.0 

0 . D2256E * 0 l 

0.9225bE*01 

0.A77A3E-O1 

0.0 

0.0 

0.0 

2 nitrogen 

0.0 

0.1251 3f * 00 

0. I2513E*00 

0 . 1 36b0E'02 

0.0 

0.0 

0.0 

.1 ARGON 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

A OXYGEN- 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

S CAPHON MONOX IOC 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

6 CapPON OlOXIUE 

0.0 

0.0 

0.0 

0.0 

0.0 

O.U 

0.0 

I METHANE 

(1.0 

0.0 

0.0 

0.0 

0*0 

0.0 

0.0 

H HYDROGEN chi. oh I oe 

O.o 

0.562I9E *01 

0.5621 9E*0| 

Q . 1 *>1 32b *01 

0.0 

0.0 

0.0 

9 S 1 1 ANE 

0 ,26420b *00 

O.Sf>*l55E »C1 

0.S6H55E *01 

0. |H97lb*0l 

0.1 1910E-01 

0.0 

0.0 

ID NONOCHl.OHOSII.ANE 

0.9693IE-02 

0. 1 J 1001. 02 

0.131 BBb • 02 

0. 12244b *02 

0 . 30a 65b -02 

0.0 

0.0 

II 0 l CHI. OOClSl LANE 

0,1 6656E *03 

0. 739041 .03 

0. 7390AE *03 

0 . 7290 1 b • 03 

0 . i 20 1 Ob *03 

0. 1 539AF » 02 

0 . 1 A l 72E * 02 

1? I'M CltUOPOS 1 1 AHF 

0 .5 7994b • OA 

O.SJI IbT *03 

0.531 lbE*01 

0.52bb9E *03 

0. 740911*04 

0. 12095b *05 

0. 10746b *05 

II SILICON I E THACHL0O IUE 

0.9M0 Jl E * OA 

0.3301 of >02 

0 • 3J616C * 02 

0.33562E *02 

0*27 199b* 05 

0. 15079b* 06 

0.1 1 7 7(>E*0b 

1 A CHI. OPINE 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

O.U 

IS SIF.AM / WA1EP 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0 . 0 

16 SILICON 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

| 7 COPPED 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

1H fOTAL POUNDS 

0 . 1 5769b • 05 

O.I3377E*OA 

0 . 1 337 7E * OA 

0. I3071t*04 

0 . 34H08E • 05 

0. 16290E*06 

0. I2I)S2E*06 



I 0 0 0 


M I / Y E A H PHYSICAL PROPERTIES 


C< 

-P> 


SI REAM SUMMER 

200 

210 

211 

212 

213 

2 1 A 

215 

f EMPF HAT LIRE • OFO E. 

0. lS960t»03 

0.1 5AAQE . 03 

0. 15AA0E»Q3 

0. 15B0OE.03 

0. ISAAOE‘03 

0. 15AA0E»O3 

0. 15B00E.03 

PRESSURE. PS I A 

1) . 50200b * 02 

0 . A9200E * 02 

0. 1 7070E«03 

0 . BA000E ‘ 02 

0 .S5000E « 02 

0.1 7070E.03 

0 . B500 0E * 02 

L 1 (JU 1 1) E R AC 1 I ON 

0.0 

0 . 1 OuOOE » 0 1 

0 . 1 OOOOE ‘0 1 

0,1 OOOOE. 0 1 

0 > 1 OOOOE .01 

0. 10000E.01 

0 . 1 0 000E ♦ 0 1 

VISCl'ISl lY, ceni i poise 

0. 12565E-01 

0.227U7E»00 

0 . 2270 7£ * 00 

0.231 1 OE * 00 

0.22707E*00 

0 ,.22 70 7E ♦ 00 

0. 22906E »00 

TMEP.CONO. . UIU/HW-FI-F 

(i .5A5 7HE-02 

O.A77HbE-Ol 

O.A7 7U6E-01 

0 . A7o5A£-0 1 

0.A77B6E-01 

0 , A 7706E-O 1 

0.A756AE-01 

DENSITY. L H/E T “ “ 3 

0.1 0826b *0 1 

0 • 79 J61E ♦ 02 

0 • 79361 E *02 

0 • 79299E » 02 

0 ♦ 79361 E ♦ 02 

0.7936 IE* 02 

0 . 7935BE ♦ 02 

SURFACE TENSION. OVNES/CM 

0.0 

0. 1 1950E.02 

0.1 0S36E . 02 

0.11 731E.02 

0. 1 18B7E.02 

0. 10535E.02 

0. 1 1606E.02 

prandtl summer 

0 .6597 7t ♦ 00 

0.27d51£.Ql 

U • 27A 1 OE ♦ 0 1 

0 . 27920E* 0 1 

0 .27B56E » 0 1 

0.27a! OE *01 

0 . 270 7 AE » 0 1 

DEW PT. / IIUU'ILE PT..F 

0. 1600i>t»9.1 

0. 153776*03 

0.2539AE.03 

0.| 9677E ♦ 03 

0.161A8E»03 

0.2539AE»03 

0.201 79E»03 

ENTHALPY. HTU/LH 

0 . 7 1 25 JL ♦ 02 

-0.5/aa9E*0l 

-0 .59393E ‘01 

-0.3B55AE.01 

-0 .5B059E *0 1 

-0 .5939 AE » 0 1 

-0 . 39503E*0 1 

SPtCIFIC heat. HTU/LM-F 

0. 1355AE»00 

0.23669E.00 

0.23HASE*00 

0.23799E*00 

0 • 2A233E * 00 

0.23BA5E.O0 

0 . 232A OE * 00 

FLOW *> ENTHALPY. HTU/HR 

U.77929b«07 

-0 . 0331 3E ♦ 06 

-Q.6A95BE»06 

-0.1 HA26E *06 

-0 • 35S07E ♦ 06 

-0.206A1E.06 

-0. 1BBB0E.06 

AVERAGE MOLECULAR WE 1 OH T 

U . 1 3252b * 03 

0.13252E.03 

0. 13252£»03 

0.1 35d9£ *03 

0.13252E.03 

0.1 3252E « 03 

0.135B9E.Q3 


COMPOSITION. l.R/HR 


1 

hydrogen 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

2 

Nil ROSEN 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

3 

ARGON 

O.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

A 

0 X Y GE N 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

5 

carbon monoxide 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

6 

carbon dioxide 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

7 

methane 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

H 

hydrogen CHLORIDE 

0.0 

0.0 

0.0 

0.0 

0*0 

0.0 

0.0 

9 

Sir ANE 

0. /09?AE *01 

0.7092AE.01 

0 . 7092 AE * 0 1 

0.31 15 IE « 01 

0 . 39652E *01 

0.31272C.01 

0.0 

l'l 

MONOCHl.OROSILANE 

0.21 OBAE *03 

0.210HAE.0J 

0.210HaE*03 

0 . 9290AE *02 

0.117flHE*03 

0 . 9296AE *02 

0 • 5 /6AflE * 00 

1 1 

d i chi oros n. ane 

0. 7a709t*0A 

0. 7B/09E »0A 

0. 7B709E « 0 A 

0 • 3351 6E »0A 

0 • A A0U5E * OA 

0.3A705E.OA 

0.2 361 BE* 03 

12 

I R I CHLOROS ll. AN£ 

0 . 9B96AL ♦ 05 

0 . 9B9GAC ♦ 05 

0.9a‘>bAE*05 

0. 17A96E.05 

0 .5S329E * 05 

0 . A3635E *05 

0.AbA7lE»0‘i 

n 

SILICON TETRACHLORIDE 

0.23160b * OA 

0 .2316I1E *0A 

0.231 cat * OA 

0 . 6BA92E » 0 A 

0.1 2952E ♦ OA 

0. 1021 gE»0A 

0.10B7AE*0A 

1 A 

chlorine 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

15 

STEAM / WATER 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

16 

SILICON 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

1 7 

COPPER 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

1 H 

TOUI POUNDS 

0. 1 0937£«06 

0. 10937E.06 

0.1 Q937E * 06 

0.A7'792E«05 

0.61 1A6E*05 

0 . AB223E » 05 

0.A7795E»05 



10 0 0 


MT/YFAH physical properties 


W 

in 


STREAM TIMBER 

21h 

217 

218 

219 

220 

221 

222 

TEMPERATURE* DEO E • 

0.15800t*03 

0.261R1E.03 

0 . 26240F.* 03 

Q.19643E*03 

0. 18SOOE*03 

0,18500E*03 

0.18500E*03 

PRESSURE. PS | A 

0 . HbOOOt ♦ 02 

0.1 /ObOE*OJ 

0.1707SE.03 

0 . 16S90E *03 

0« 1 7090E*03 

0 . 1 6S75E *03 

0.5S000E*03 

LlUUtO FRACTION 

O.IOOOOfOl 

0 . 1 OOOOE • 0 1 

0.0 

0.0 

0> 1 OOOOE *01 

0.1 OOOOE *01 

0 . I OOOOE • 0 1 

VISCOSITY. CENT! POISE 

Q.22906£*U0 

0.1 4 609E *00 

0.1S142E-01 

0 . 1 3S2 1 E-0 l 

0*1 4469E * 00 

0. 14469E*00 

0. 14469E*00 

nie.K.CONO. . HTO/HR-ET-E 

0.4 7S64£-01 

C.4J2/J6E-01 

0.694SOE-02 

0.73121E-02 

0.A2632E-01 

0.426.12E-01 

0 . 42632E-0 1 

oEustTY. in/rr»»:i 

0. 793bB£*02 

0.69b93E»02 

0.36867E*QI 

0 » 2 783/E * 0 1 

0 • 6H288E *02 

0.68287E»02 

0.6B2UllE*02 

SURFACE TENSION. OYNES/CM 

' 0. 1 lfa06E * 02 

Q.62H79E *01 

0.0 

0.0 

0*59767E*01 

0 . 600 33E *01 

0 . 42572E * 0 1 

PRANOTL NUMBER 

0 .2 70 74E *01 

0 . 20H0 3E « 0 1 

0 .ftl.Ol 2E *00 

0 »4BS57E«00 

0 . 29482E* 01 

0.29A69E*01 

0 . 2739BE *01 

UEw PT. / OUOHLE PT..E 

0.201 79£*03 

0 . 2620 7E • 03 

0 .26276E *03 

0. 19B42E.03 

0 • 1 8 1 67E • 03 

0 . 1 790 7£ * 03 

0 .2976 1 E * 03 

ENTHALPY, btu/lb 

-0.39S03£*01 • 

0.21 Q3HE *02 

0 • H206SE • 02 

0 . 73544E *02 

-0.82619E.01 

-0 .82325E *01 

-0 . 954 1 HE • 0 1 

SPECIFIC HF.AT. BTU/I.H-E' 

6 .23240E *03 

0 .2548 1 E *00 

0 . 20H92E *00 

0.100S5E*00 

0 . 33587E * 00 

0.30 799E *00 

0.33371E*00 

FLOW » enthalpy, htu/hr 

-0. I8899£*G6 

0 . 2UU93E *07 

0 . 703 1 1 E ♦ 07 • 

0 . 3981 3E * 0 7 

-0 • 36 1 31 E* 06 

-0 . 44566E ♦ 06 

-0 • 99351 E * 05 

AVERAGE MOLECULAR WEIGHT 

0. 1 3S89£*03 

0.1 3S72E *03 

0. 13563E*03 

0.97 /60£*02 

0.97760E* 02 

0 .97760E* 02 

0.97759E*02 


COMPOS lflOH. L8/HI7 


1 

hydrogen 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

2 

NITROGEN 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

T 

ARC, ON 

u.u 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

4 

OlYGI.N 

u.o 

0.0 

0.0 

0.0 

0-0 

0.0 

0.0 

S 

CARBON HONOXinr 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

6 

CARBON OlOXIUE 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

7 

METHANE 

0.0 

0.0 

o.o • 

0.0 

0.0 

0.0 

0.0 

It 

HYDROGEN CHlOHIDF 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

9 

SII.ANE 

0.0 

0.0 

0.0 

0 • 77 345E *02 

0 .624 7 TE * 02 0.77345E*02 

0 . 1 40 73E* 02 

10 

MONOCHl.OROS tl anf 

0 ,57 702E * 00 

0 . 2 3H95E • 0 l 

o.itii04E:*oi 

1. 0.6831 OE *04 

0 .'55 1 76E • 04 0 . 683 1 OE ♦ 04 

0.131 3llE *04 

1 1 

D I CHLOROS 1 L ANE 

0 .23642E * 03 

0 . 9 3 7 9 0 E * 0 3 

0.701 95E ♦ 03 0 , 39./42E *05 

0.321 08E * 05 0 . 34 742E *05 

0. 76441 E* 04 

12 

T R | CHLOTTOS 1 L ANF 

0 ,46b l 7E * Ob 

0.129921 *06 

0 .8331J3E * 05 0.74B09E*04 

0.6Q4I9E* 04 0. 74809E»04 

0. 1438 7E* 04 

13 

SILICON rEIRACHLORlOE 

0. 1 0BTI4E * 04 

0 .26790E • 04 

0 . 159Q3E* 04 0.31431E*01 

0 .25383E *01 0.3l43lE*01 

0.60442E*00 

1 A 

chlorine 

a.u 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

IS 

S IF. am / WATER 

0.0 

0.0 

0.0 

0.0 

0*0 

0.0 

0.0 

16 

SILICON 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

17 

copper 

0.0 

0.0 

0.0 

0.0 

0*0 

0.0 

0.0 

III 

total pounds 

0 .4 7H42E * 05 

Q.13Jb4I>0b 

0 .8567 7E* 05 0.541 3b£ *05 

Q.43732E*05 Q.S4|3:>E*05 

0. I0412E*05 


>000 


«!/<[*« HVSJCAL PR 0 P E R T I £ S 


SI REAM MUM.IER 

223 

22A 

225 

226 

227 

230 

?31 

I t’Ml'ER At ORE * DEG F. 

0 . 1 2200E ♦ 03 

0. 12200f.»03 

0 • 2t> 701E ♦ 03 

0.2b?01E»03 

-0* 25708E* 02 

-0.2570UE.02 

-0 . 2570BE » 02 

PRESSURE • PSIA 

0 .5A90QL ‘03 

O.SAHOOL *03 

0 . 36000E . 03 

0 • 3s0 00E ♦ 0 3 

0 • 35A00E * 03 

0 . 3551 OE * 03 

0 . 35A 1 OE » 03 

LKHMI) fraction 

0 . 1 OUGOE » 0 1 

0 . 1 OUOOE • 0 1 

0.10000E.Q1 

0 . 1 0000E < 0 1 

0.0 

0.0 

0 . 1 0000E *0 1 

VISCOSITY. centipoise 

0.1MM7l»00 

0.173A7E.00 

0.93603E-0J 

0.93602E-01 

0 • 1 0388E-0 1 

0. 10 396E-01 

0.S672AE-01 

iher.cono., BTU/HR-FT-F 

0.5025At-01 

0.S10A2E-QI 

0.331BIE-O1 

0.331H1E-01 

0.9B706E-02 

0.9HH2AE-02 

0.A6S22L-01 

density. i h/f I ° ° 3 

B . 7A 368E « 02 

0.70dS7E»02 

0 . 606 73E ♦ 02 

0 . 6067 3E » 02 

0.3S358£«01 

0.355A2E*01 

0.2U9BAE‘02 

SURE ACE TENSION, OYNES/CM 

0.59 39UE.01 

0 . SO I 02E‘ 01 

0 . .12051 E . 0 1 

0 . 3205 IE* 0 1 

0.0 

0.0 

0 . 306‘)aE » 0 i 

PWANOTL NUMBER 

0.2rt0J0t‘01 

0 .227ABE .01 

0.21ASAE*01 

0.21 ASAE»01 

-0.17127E*00 

-0.17121E.00 

0 , 2056AE * 0 1 

DEW PI, / HUUHLE PT..F 

n.29720£‘03 

U.22PB6E .03 

0.262A9E.03 

0.262A9E»03 

-0.1 9B56E *02 

-0. 196A3E‘02 

-0. 19037E.02 

ENIHAI.PV. HTU/LH 

-o.29J5ut»o2 

-0.I9SH3E.02 

0.29077E.02 

0.29077E *02 

0 * A3B 75E ♦ 02 

0 . A 3U75E *02 

-0.6B50lE‘02 

specific heat. MTU/LU-F 

O.29bB2E«0G 

0 . 2 7670E *00 

0 .290A2E ‘00 

0 . 290'. AE ♦ 00 

0 .697 1 9E * 00 

0 . 6971 9E *00 

0 . 697 1 9£ ♦ 00 

FLOW <* ENTHALPY. HTU/IIR 

- 0 • JOStjRt ♦ 06 

-0.20392E»06 

0 . 291 72E» 06 

0.29175E«02 

0 > 1 666AE ‘ 05 

0 . 53326E ♦ 05 

-0 . 25758E ‘ OS 

AVERAGE molecular WEIGHT 

0.9/759E.02 

0.97/71E»02 

0.1 0597E* 03 

0.1 059 7E * 03 

0.32120E»02 

0 . 32 1 20E* 02 

0.32120E.02 


COMPOSITION, lm/nr 


1 

HYDROGEN 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

2 

NITROGEN 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

:i 

ARGON 

0.0 

0.0 

U.O 

0.0 

0.0 

0.0 

0.0 

A 

OXYGEN 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

S 

CARBON MONOXIDE 

0.0 

0.0 

0.0 

0.0 

o.o 

o.o 

0.0 

6 

CARBON DIOXIDE 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

7 

METHANE 

0.0 

0.0 

0.0 

0.0 

o.o 

0.0 

0.0 

rt 

HYDROGEN CHLORIDE 

0.0 

0.0 

0.0 

0.0 

0*0 

0.0 

0.0 

9 

silane 

0 . 1 AH73L ♦ 02 

0. JN157E‘03 

0.1 17A6F.‘02 

o.ll 7A7E-02 

0. J79B2E*03 

0.1 2 15AE ♦ OA 

0 . 3 7603E ♦ 03 

10 

mdnochlorosilane 

0.131 3TIE * QA 

0 . 1 22 1 BE » OA 

0. 1221AE.0A 

0 . 1 22 1 6E « 00 

0.0 

0.0 

0.0 

1 1 

U 1 CHI. OROSI LANE 

0.76AAIt»0A 

0 . A A 1 05E » OA 

O.AAIOIE'OA 

0 . A A 1 05E ♦ 00 

0.0 

0.0 

0.0 

12 

TRICHLOROSILANE 

0. 1 A JB7E *0A 

O.A3222E *09 

0 . A 32 1 BE » OA 

0 . A 3222E' ♦ 00 

0.0 

0.0 

0.0 

1 3 

SILICON TETRACHLORIDE 

0 ,60AA2t * 00 

0 . 6 759 JE • 02 

0.6/5B6E.02 

0 . 67593K-02 

0.0 

0.0 

0.0 

1A 

chlorine 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

15 

STEAM / IVAIER 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

16 

SILICON 

0.0 

0.0 

0.0 

0.0 

o.o 

0.0 

0.0 

17 

COPPER 

0.0 

0.0 

0.0 

0.0 

0*0 

0.0 

0.0 

in 

trial pounds 

0 . 1 OA l 2E * 05 

0. I0A13E«05 

0 • 1 00 33E * 05 

0.1 00 JAE » 0 1 

0 • 37982E *03 

0. 1215AF*0A 

0.37603E.03 





10 0 0 

M I / Y £ A H 

PHYSIC 

A L PROP 

E R T I E S 




S 1 AM NUMBER 

232 

233 

239 

235 

236 

237 

238 


TEMPERATURE. DEG F. 

-0 .2S70BE *02 

-0 . 257UUE *02 

0 . 1 2A0QE * 03 

0.1 2600E *03 

0 .2626 0E *03 

0.15000E‘03 

0.21760E»01 


PRESSURE. PSIA 

0. 3aOOOE ‘0.1 

O.:i/AIOE«OJ 

0.376 1 OE »03 

0 . 2500QE *02 

0.1 7 0 / SE * 03 

0. 05000E *02 

0. 55000E ♦ 02 


liouio fraction 

0. 1 OOOut »01 

0.0 

0.0 

0.0 

0 • 1 OOOOfc *0 1 

0. IOOOOE‘01 

0. IOOOOE‘01 


viscosity. cent i poise 

G.S6726L-0I 

0. IOS60E-O1 

0.127O6E-01 

0 . 1 2223E-01 

0.1 6600E ‘00 

0.22 906E*00 

0.2670SE ‘00 


THEK.CONO., HTU/MB-ET-E 

0.6GS22E-0I 

O.lOlulE-Ol 

0. 1 376BE-0 1 

0 . 1 25U2E-0 1 

0.63296E-01 

0.67566E-01 

0.63S32E-01 


DENSITY. LR/FT<"»3 

0 . 289H6E *02 

0. 3tl935E*01 

0.21AA0E*01 

0. 12U66E*00 

0.69S61E*02 

0.7935dE»02 

0.75521E.02 


SURFACE TENSION. riYNES/CM 

0.305G7£*01 

0.0 

0.0 

0.0 

0 • 62793E ‘OJ 

0. 1 1606E*02 

0.1 16 1 3E « 02 


PRANQTL NUMBER 

0 ,20566t ♦ 0 1 

-0 . 1 70 16E »00 

0.‘69859K‘00 

0.633bBE*00 

0.2IS27EMJ1 

0.2707bE»OI 

0 . 27530E » 0 1 


OEw PJ. / HUOHLE PT..F 

-0, 18658t*02 

-0. 1602ilE*02 

■0 . 1 b02dE« 02 - 

0 . 16902E ‘03 

0 . 26260E • 03 

0.20 1 79E*03 

0.21881E.03 


E N 1 HAL p Y • BTU/LB 

-0.68501E‘02 

0 .6 Jd 7SE • 02 

0.91 996E * 02 

0 • 1 0366E»03 

0.21 186E*02 

-0 . 3950 3E *0 1 

0. 16588E.02 


SPECIFIC HEAT. BTU/LH-E 

0 . b97 1 9E ‘ 00 

0.697 1 OF. » 00 

0 . 3109 7E * 00 

0 . 269 72E * 00 

0 . 26389E ‘00 

0. 2326 2E* 00 

0 . 200S3E * 00 


FLOW » ENThAlPY. HTU/HN 

-0 .S72A OE • 05 

0. 16663E*05 

0 .3693HE ♦ 05 

0 . 39363E* 05 

0 • 1 0 1 36E * 0 7 

-0.UlO99E»03 

0.57026E.06 


average MOLECULAR WEIGHT 

J.J2120E‘02 

0.32120E.02 

0.32120E *02 

0 . 321 20E • 02 

0.1 35R9E *03 

0.1 3S89E *03 

0. 16B22E»03 


COMPOSITION. LH/rtR 








04 

1 HYDROGEN 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

•Vj 

2 NITROGEN 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 


1 ARGON 

0.0 

0.0 

0.0 

0.0 

0-0 

0.0 

0.0 


A OXYGEN 

0.0 

0.0 

0.0 

0.0 

0*0 

0.0 

0.0 


5 CARBON MONO* IDE 

0 .0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 


a carbon dioxide 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 


7 METHANE 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 


M hydrogen chloride 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 


« SILANE 

0.83S60L *03 

0. 379/9f.Q3 

0. 37979E * 03 

0 . 379 79E » 03 

0.0 

0.0 

0.0 


10 MONOCHLOROSILANE 

0.0 

0.0 

0.0 

0.0 

Q.57702E*00 

0.57703E -03 

0.0 


11 UICMLOPOSILANE 

0.0 

0.0 

0.0 

0.0 

(1 .23662E • 03 

0 . 23662E ♦ 00 

0. 12220E«01 


12 TRIOILOfVOSIl.ANE' 

0.0 

0.9 

0.0 

0.0 

0.6651 7E«05 

0.6651 7E *02 

0.1 369bE ♦ 06 


1.1 SILICON TE1RACHI.0RI0I. 

0.0 

0.0 

0.0 

0.0 

0 . 1 p8B6E » 06 

o . ioa 06 E«oi 

0 . 33027E ♦ 05 


16 chlorine 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 


is STEAM / WATER 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 


1 A SILICON 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 


i 7 copper 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 


18 IOTAL POUNDS 

O.tilSbOE *03 

0. 3797«>e*0J 

0.3 /979E *03 

0. 379/9E»03 

0 .6 7862E ♦ OS 

0.6 T863E«02 

0 . 36378E ♦ OS 


1000 MI/YEAR PHYSICAL PROPERTIES 


SIHEAM SUMMER 

239 

2 a 0 

2A2 

2A3 

300 

301 

303 

IE"PEPA IURE. MEG f. 

0.2<>70Il‘03 

-0.2b/ 0R£ « 02 

0 . 267 0 1 E » 03 

0.26701E‘03 

0 « 77Q00E ♦ 02 

0. 15621E«0A 

0. 1 1200E*OA 

PRESSURE. PS|A 

0. JdU00E*03 

0 . 35 a 1 OE • 03 

0 . 36000E *03 

0 . 36 00 OE * 0 3 

0 . 25Q00E *02 

0.20000E*02 

0.20000E‘02 

LtuU|D eraction 

0 . 1 000 UL • 0 1 

0.0 

0 . loouot.oi 

0.0 

0.0 

0.0 

0.0 

viscosity, certipoise 

0.R3O02E-01 

0. 103BOE-01 

0 . (1 1 062E-0 1 

, 0. 15900E-01 

0*11 295E-0 1 

0 . 2 J065E-0 1 

0.0 

1 HER, COHO. . MTM/HR-Er-E 

0.331(1 It -01 

0.98/I7E-02 

0.31 69 IE-01 

0 . 966AflE-02 

0. 10989E-01 

0 . 29363E * 00 

0 . BU60 1 E -0 1 

DENSITY. 1. M/F T 3 

0 • 606 7.it ♦ 02 

- 0. 353 7 Af. . 0 1 

0.S6A6IE* 02 

0 . 5b60ilE » 0 1 

0. IA070E*00 

0. IA765E-01 

0. 3230flE*01 

SUR1 ACE TENS I OS . OYNES/CM 

0 . 3205 1 1 ‘ 0 1 

O.Q 

0 »2S99(iE ♦ 0 I 

0.0 

o.o 

0.0 

0.0 

PRANDTL NIJMMER 

0 • 2 1 A53E ♦ G 1 

-0. 17127E.OO 

0.1 9395E ♦ 0 1 

0 . A6HA3E • 00 

0.65U22E»00 

0 . 66 165E *00 

0. 10661 £*00 

UEW PT. / HIJHMLE PT..E 

U.2g2A9E*03 

-0. 19836E.02 

0 .23A03E * 03 

0 . 25076E *03 

-0 • 1 A902E *03 

0.0 

0.0 

ENTHALPY. MTU/LM 

0 .2907 7E*02 

0 .A 3H/5E *02 

0 . 3A 391 E *02 

0 . (I2963E » 02 

0 .90551 E *02 

0.13 1 96E ♦ OA 

0 . 38350E ♦ 0 3 

SPECIFIC HEAT. imi/LU-f 

0 . 290A2E ♦ 00 

0 .69 7 19F. ♦ 00 

0 . 1 AS39E* 00 

0.11 79SE ‘00 

0 . 26A 7AE * 00 

0 . 6026 1 E ♦ 00 

0 . 1 7053E * 00 

El. MR « enthalpy, rtu/hr 

0 . 29 1 75E • 06 

0. 16663E*03 

0 .5 72A9E *06 

0 . SAb63E » 06 

0 . 3A390E ♦ 05 

0 • 333A3E«06 

0.0 

AVERAGE MOLECULAR WEIGHT 

0. 10S97f03 

0 . 32 1 20 E . 02 

0 .9087 IE * 02 

0 . 119 7 ABE » 02 

0.32120E*02 

0. 1071 1E*02 

0.2 799BE * 02 

COMPOSITION, lm/hr 








l HYMROGEN 

0.0 

0.0 

0.0 

0.0 

0.0 

0 . A7 A36E * 02 

0.92915E-01 

2 NITROGEN 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

1 ARGON 

0.0 

0.0 

0.0 

0.0 

O.o 

0.0 

0.0 

A OXYGEN 

0.0 

0 . 0 

0.0 

0.0 

O.o 

0.0 

0.0 

S CARBON MONOXIDE 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

G CAR'IOM OIOXIME 

0.0 

0.0 

‘ OiO 

0.0 

o.o 

0.0 

0.0 

7 MET HAST 

U.U 

0.0 

0.0 

0.0 

o.o 

0.0 

0.0 

H HYDROGEN CHLORIDE 

0.0 

0.0 

0.0 

0.0 

o.o 

0.0 

0.0 

o silane 

0. 1 1 7 A 7t ♦ 02 

0.37979E»0l 

O.i 1775E*03 

0.10601E«03- 

0 . 379 79E* 0 3 

0.1 8990E *01 

0. 1U990£*01 

10 MUNOCHLOROS 1L AME 

0. I2216E‘0A 

0.0 

0.31 6A5E* OA 

0 . 1 9A29E * 0 A 

0.0 

0.0 

0.0 

II 0 | CHI. OPOS |l. AMI- 

U.AAlOSfOA 

0.0 

0 . 73971 E ♦ 06 

0 . 2906 7E « 0 A 

0.0 

0.0 

0.0 

IP TR 1 CHI. OROS1 LANE 

O.A J222E*0A 

0.0 

0 . 56B65E ♦ OA 

0 . 1 56A3L ♦ 0 A 

0.0 

0.0 

0.0 

1) SILICON TETRACHLORIDE 

0 . 6 7593E ♦ 02 

0.0 

0.8057JE ♦ 02 

0 , 1 29H1E ♦ 02 

0.0 

0.0 

9.0 

IA CHLORINE 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

IS STEAM / WATER 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

1 6 SILICON 

0.0 

0.0 

0.0 

0.0 

0.0 

0 • 32B65E »03 

0 . 292 70E * 03 

17 COPPER 

0.0 

0.0 

0.0 

0.0 

O.o 

0.0 

0.0 

l H total pounos 

0. 1 003A£ ♦ 05 

0 . 37979E ♦ 0 1 

0 • 1 66A6E ♦ 05 

0 • 661 29E *06 

0 . 37979E » 03 

0 . 37 799E • 03 

0 , 29A69E ♦ 0 3 



1000 M T / Y E A R PHYSICAL PROPERTIES 


STREAM nUMIIER 

307 

308 

311 

312 

313 

31A 

2'.00 

TEMPERATURE* DEG F. 

0.26000E ♦ CA 

0.l'l200E*09 

0 . 1562 1 E* OA 

0 . 1 0000E *03 

0.30000£*Q3 

0.77000£*02 

0. 10000E*03 

PRESSURE. PS | A 

0 . 20000E ♦ 02 

0 . 2U000E ♦ Q2 

0 . 200 00E* 02 

0 , 158Q0E*02 

0.SSQQ0E*03 

0.SQ00QE*02 

0 . 20000E*02 

Lioum fraction 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

VISCOSITY. CENT! PRISE 

0.0 

0.0 

0.22033E-01 

0.9A191E-02 

0.11580E-01 

0.91A6AE-02 

0. 1H3U0E-01 

THEP.COHi). . Hlt.l/HR-ri-F 

U . 3V09AE * 00 

0.2A/7IE.00 

0 . 295A 1 E • 00 

0. 1095AE*00 

0. IA226E*00 

0 . 1 0 3 8 1 E • 0 0 

0. IS507E-01 

DENSITY. I ll/F T u ‘'S 

0 . 1 AbRllE * 03 

0.1aS98E*03 

0.1 BS79E-Q2 

0.S299BE-02 

Oi. 133S1E*00 

0.17A6SE-01 

0.9332SE-01 

SllRf ACE TENSION. DYNES /CM 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

PRANOTL NUMIIER 

0 . 7aS 7AE ♦ 00 

0 . 6G6UUE *00 

0.67flSlOE*00 

0 . 7 1 921E « 00 

0.6o0A5E*00 

0.723D1E*00 

0 . G996 7E * 00 

OCR PT. / IIIJOHLE PI.. I 

U.Q 

0.0 

0.0 

0.0 

0.0 

0.0 

-0. 31SSAE*03 

ENIRA| DY, HTO/LO 

0.7 HSA Jt * 03 

U . 3ilVflRE » 0 J 

0. 701G2£*04 

0. J6U62E*04 

0.25873£*0A 

0. I 80 71 £*0A 

0.1 38A7E.0J 

specific HEAT, iitu/lh-e 

0 . 1 /ooot.oo 

0 . 1 7000E * 00 

0 . 36309E <01 

0 . 3AS75E *01 

0. 3A576E* 0 1 

0.3A616E *01 

0 . 2AA02E * 00 

EL OR » ENTHAlPY. HTtl/HR 

0.0 

0.0 

0.3321 7E*0G 

0 • B9298E • 05 

0. 1A90AE*06 

0.1 HSAOE • OS 

0 . 6963SE ♦ OA 

average molecular weight 

C . 2H0V0E * 02 

0.28UV0E*02 

0.201 GOE <01 

0 . 201GOE <01 

0.20160E*01 

0.20160E*01 

0.2B016E*02 

COMPOSITION. LD/hR 

1 HYD»03CN 

0..0 

0.0 

0 . A 73AAE *02 

0 . A73AAE • 02 

0 . 57605E *02 

0. 10260E*02 

0.0 

2 NITROGEN 

0.0 

U.O 

0.0 

0.0 

0.0 

0.0 

0 . 502U9E * 02 

3 ARGON 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

A OXYGEN 

o.o 

U.O 

0.0 

0.0 

0.0 

0.0 

0.0 

S CARHON MUNOXIOF 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

A C ARSON DIOXIDE 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

7 MET DANE 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

n HYDROGEN CHLORIDE 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

9 SILANE 

0.0 

0.0 

0.0 

' 0.0 

0.0 

0.0 

0.0 

1 0 MONOCHI QROS ILANE 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

II UICHLOPQS ILANE 

0.0 

0.0 

0.0 

0.0 

O.o 

0.0 

0.0 

12 trichlorosh.anf 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

it silicon tetrachloride: 

0.0 

0.0 

0.0 

0.0 

0.0 

O.o 

0.0 

1<. CHLORINE 

u.o 

4.0 

0.0 

0.0 

0.0 

o.o 

0.0 

is S 1 FAM / WATER 

0.0 

U.O 

0.0 

0.0 

0.0 

0.0 

0.0 

lf> SIl ICON 

0 . 292 7 OE. *03 

0.37 7S3E *02 

0.0 

0.0 

0.0 

0.0 

0.0 

17 COPPER 

O.0 

0.0 

0.0 

0.0 

0.0 

0.0 

o.o 

IH TOTAL poonos 

0 .2N27UE* 03 

0.37 7S3E *02 

U.A73aaE*02 

O.A73AAE*02 

O.57G05E* 02 

0.1 0260E * 02 

0 .502B9E *02 




10 0 0 

M r / Y E A II 

PHYSIC 

A L PROP 

E R T 1 E S 



S 1 Ilf AM NUMHUU 

26 01 

26 03 

26 06 

2600 

2602 

2501 

1500 

TEMPERATURE • 0E6 E. 

O.lOOOOt ‘03 

0.10000 E *03 

0. 1 00Q0E‘03 

0 . 1 OOOOE *03 

0*1 OOOOE* 03 

-0 .20992E ‘02 

0.77000E‘02 

PHtSSlISEt PSlA 

0 .c’OOOOl * 02 

0 . 2UU0 0E * 02 

0 . 20000E ‘ 02 

0. 70000E‘02 

0.20000E‘02 

0 . 90000E ‘02 

0. |6000E‘03 

Liouin fraction 

0.0 

0.0 

0.0 

0 . 1 OOOOE *01 

0.0 

0.0 

0.0 

VISCOSITY. CENT 1 POISE 

U.183aoE-01 

0 • 1 830OC-O 1 

Q .23689E-0 1 

0 .5 7O9JE-01 

o. lasaoE-oi 

0 .98652E-02 

0.23193E-01 

THEN. COMO.. HHI/HU-ET-E 

0. 15507t-0l 

0.155U7E-01 

0.1 1673E-0I 

0.6SU76E-01 

0- 15507E-01 

0.67631E-01 

0.10677E-01 

DENSITY* in/FT“»3 

0.93325E-01 

0 . 93325E-0 1 

0.1 3082E ‘00 

0.S33tt0E‘01 

0.9332SE-01 

0. 11866E‘00 

o.inoiE‘oi 

SUNT ACE TENSION. DYNES/CM 

0.0 

0.0 

0.0 

0.B257JE-0I 

0.0 

0.0 

0.0 

PIIaNQTI NUmMEU 

0 .69967E *00 

0 . 69967E *00 

0.64051E‘00 

0.66S77t‘00 

0.699670 00 

0.61169E*00 

0.671 26E ‘00 

DE X °T • / HIJHHLE PT..F 

-0. .11554003 

-0.3ISS6E .03 

0.0 

0.0 

-0.31556E‘03 

0.0 

-0 . 26667E ‘ 03 

EMIHAIPY. htij/lii 

U. 13«67E‘03 

0. 13H67E«03 

0.71 256E ‘ 02 

0 . 3HU1 OE *02 

0>1 3H6 7E‘ 03 

0 .6 7906E »03 

0 .65B6 I E‘02 

specific heat, utu/lh-e 

O.26*.02E‘0O 

0 . 266 02E ‘00 

0.1 2933E ‘00 

0.1 H572E ‘00 

0 . 26602E ‘00 

0.11627E‘01 

0.12776E‘00 

FLOW <• CN lilALPY . MTU/HD 

0. 232 1 2t ♦ 04 

0. 1N632E.0S 

0.89963£‘04 

0. 15733E»05 

0.1 7B62E« 05 

0. 14656E»05 

0 . 27902E * 06 

average molecular weight 

0.2001 6L ♦ 02 

0.2U016E*02 

0.392S6E‘02 

0.6606HE‘02 

0.2801 6E *02 

0 . 62225E » 0 1 

0 . 39966E* 02 

COMPOS high* lm/hr 



• 





1 HYDROGEN 

0.0 

0.0 

0.9291SC-01 

0.33197E-01 

0.0 

0.91 7 7BE ♦ 0 1 

0.0 

2 NITROGEN 

0.1 676.lt ‘02 

0 . 16U33E ‘03 

0.0 

0. 12900E‘03 

0*1 2900E*03 

0. 12377 E»00 

0.0 

3 A or , on 

0.0 

0.0 

0.1 2623E * 03 

0.0 

0.0 

0.0 

0 , 62500C *02 

•t oxygen 

0.0 

0.0 

0.0 

0.0 

0.0 . 

0.0 

0.0 

5 CARBON monoxide. 

0.0 

0.0 

0.0 

0.0 

o.o 

0.0 

0.0 

6 Carhon oioxioe 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

l METHANE 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

H HYDROGEN CHlOIIIOF 

0.0 

0.0 

0.0 

0.01 166E-02 

0.0 

0 . 60 089E ‘01 

0.0 

9 S 1 1. ANE 

o.o 

G.O 

0 . 1 H990E ‘ 0 1 

0.26606E-05 

0.0 

0 . 378U5E ‘01 

0.0 

10 MONOCHtONOSILANE 

0.0 

0.0 

0.0 

0.lSb6lE-02 

0.0 

0 .96369E ♦ 00 

0.0 

II OICHLOUOSILANE 

0.0 

0.0 

0.0 

0 . 62030E * 00 

0.0 

0 . 1 0026E • 02 

0.0 

1? r 0 ICHLflWOS 1 1. ANE 

0 . 0 

0.0 

U.C 

0 . 44529E ‘02 

0.0 

0 . 26 722E ‘ 0 1 

0.0 

n silicon TETRACHLORIDE 

0.0 

0.0 

0.0 

0 . 23336E ‘03 

0.0 

0.S6600E-01 

0.0 

10 Chi opine 

0.0 

0.0 

0.0 

0.0 

o.o 

0.0 

0.0 

is sir am / water 

0.0 

0.0 

0.0 

0.0 

o.o 

0.0 

0.0 

16 S 1 1 ICON 

0.0 

0.0 

0.0 

0. l6d6SE‘0l 

o.o 

0.0 

0.0 

17 COPPER 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

in total pounds 

I) . 1 6 /63E * 02 

.0. 16033E‘03 

0.1 2623E ‘03 

0.60923E‘03 

0 . 1 2900E»03 

0. 30595E‘02 

0.62500E‘02 
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MT/Yf. A« PHYSICAL PROPERT IES 


STREAM NUMBER 

1S01 


0 

0 


0 


0 


0 


temperature* deg r. 

0. 7T000E * 02 

0.0 


0.0 

0.0 


0.0 


0.0 


0.0 

PRESSURE. PS I A 

0 ..16000E *03 

0.0 


0.0 

0.0 


0.0 


0.0 


0.0 

l. lOUin FRACTION 

0.0 

0.0 


0.0 

0.0 


0.0 


0.0 


0.0 

VISCOSITY. CENT 1 POISE 

0.231‘)3t-Ul 

0.0 


0.0 

0.0 


0.0 


0.0 


0.0 

rnER.coM;).. i) ru/HR-FT-r 

0.1 0677E-0I 

0.0 


0.0 

0.0 


0.0 


0.0 


0.0 

density. L(i/rr®»;i 

0. 1 1 1 Bit *01 

0.0 


0.0 

0.0 


0.0 


0.0 


0.0 

SURE ACE IE MS I ON < OYNES/CM 

0.0 

0.0 


0.0 

0.0 


O.o 


0.0 


0.0 

PRANDTL NUMBER 

0.67I2<.E*00 

0.0 


0.0 

0.0 


0.0 


0.0 


0.0 

HER PI. / WIMBLE PT..F 

-0 .2AI»6> /E *03 

o.o 


0.0 

0.0 


O.o 


0.0 


0.0 

enthalpy, btu/lb 

0 • hSHA 1 E * 02 

0.0 


0.0 

0.0 


o.o 


0.0 


0.0 

SPECIFIC HEAT. BTU/LH-F 

0. 1277aE*00 

0.0 


0.0 

0.0 


Q.O 


o.o 


0.0 

Floy « enthalpy, hto/hu 

0 . S.ltl 1 '.E ♦ OA 

0.0 


0.0 

0.0 


0.0 


o.o 


0.0 

AVERAGE MOLECULAR Vt'KiMT 

O.J9>)AAt;»02 

0.0 


0.0 

0.0 


0.0 


0.0 


0.0 

COMPOSITION. LH/mR 












l hydrogen 

0.0 

0.0 


0.0 

0.0 


0.0 


0.0 


0.0 

? nitrogen 

0.0 

u.o 


o.o 

0.0 


0.0 


0.0 


0.0 

1 ARGON 

0 .01 733E ♦ 02 

o.o 


0.0 

0.0 


0.0 


0.0 


0.0 

OXYGEN 

0.0 

0.0 


0.0 

0.0 


0.0 


0.0 


0.0 

S CARBON monoxide 

0.0 

0.0 


0.0 

0.0 


o.o 


0.0 


0.0 

6 CARBON dioxide 

O.Q 

u.o 


0.0 

0.0 


0.0 


o.o 


0.0 

7 METHANE 

0.0 

0.0 


0.0 

u.o 


0.0 ( 


o.o 


0.0 

H HYOROtlfM CHLORIDE 

0.0 

0.0 


0.0 

0.0 


0.0 


0.0 


0.0 

0 silane 

0.0 

0.0 


0.0 

0.0 


0.0 


o.o 


0.0 

10 MOHOCHLOROS I.LANF 

0.0 

0.0 


0.0 

0.0 


0.0 


0.0 


0.0 

II OICHL.OROSILANE 

0.0 

0.0 


0.0 

0.0 


o.o 


0.0 


O.ff 

l? TR 1 CHl. OROS 1 L ANE 

0.0 

0.0 


0.0 

0.0 


O.o 


0.0 


0.0 

13 SILICON TETRACHLORIDE 

u.o 

0.0 


0 . 0 . 

0.0 


0.0 


0.0 


0.0 

IA CHLORINE 

0.0 

0.0 


0.0 

0.0 


o.o 


0.0 


0.0 

IS STEAM / RATER 

0.0 

U.O 


0.0 

0.0 


0.0 


o.o 


0.0 

If. SILICON 

0.0 

0.0 


0.0 

0.0 


0.0 


0.0 


0.0 

|7 COPPER 

0.0 

0.0 


0.0 

0.0 


0*0 


o.o 


0.0 

IB TOTAL POUNDS 

0.B1 733E»0? 

u.o 


0.0 

0.0 


0.0 


0.0 


0.0 




FENCE 


570'x 400'« 228 000 FT 2 *• 5.2 ACRE5 INSIDE FENCE 


5.0 1000 MTY 
OVERALL PLANT LAYOUT 










6.0 PROCESS EQUIPMENT 


6. 1 Equipment List 

The equipment list has been broken down by equipment type: vessels, 

columns, compressors, etc. The number system used is intended to fit in as 

well as possible with the Linde standard sub-accounts. The following convent- 

ions have been adopted for numbering: 

• 1st digit is always No. 4 for process equipment 

• 2nd digit signifies the processing area of the plant according to the 
schedule of 1 - raw materials; 2 - hydrogenation; 3 - distillation/re- 
distribution; 4 - pyrolysis/consolidation; 5 - waste treatment; 6- yard 
and utilities. 

• 3rd digit signifies the type of equipment according to the schedule of 

1 - tanks and bins; 2 - columns; 3 - compressors and blowers; 4 - heat 

exchangers; 5 - reactors; 6 - pumps; 7 - filters; 3 - solids handling; 

9 - miscellaneous. 

• Following two digits signify individual equipment piece in no specific 
order. This is an open list. Even numbers are used for main operating 
units, and odd numbers for spares of backup units. 

Several equipment items which are not considered as "stand alone" items 
have been consolidated with the associated major equipment. 
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EQUIPMENT LIST FOR 1000 MT/YR PLANT 


TANKS AND BINS HEAT EXCHANGERS (CONT’D) 


1. 

411-02 

MG Silicon Storage Bin 

46. 

434-10 

DCS Colum Reboiler 

2. 

411-06 

Liquid Hydrogen Tank 

47. 

434-12 

TCS Cooler 

3. 

421-02 

MG Silicon Lock Hopper 

48. 

434-14 

DCS Column Condenser 

4. 

421-04 

Waste Settler Tank 

49. 

434-16 

DCS Cooler 

5. 

421-06 

Waste Chlorides Tank 

50. 

434-18 

Silane Column Condenser 

6. 

421-08 

Quench Condenser Receiver 

51. 

434-24 

STC Cooler 

7. 

421-10 

Crude TCS Storage Tank 

52. 

434-26 

Refrigerant Heater 

8 • 

421-12 

STC Storage Tank 

S3. 

444-02 

Pyrolysis Hydrogen Cooler 

9. 

421-14 

Recycle Hydrogen Receiver 

54. 

444-04 

Shotting Hydrogen Cooler 

10. 

421-18 

MG Silicon/Catalyst Blender 

55. 

444-06 

Shotting Hydrogen Cooler 

11. 

431-04 

Silane Storage Tank #1 £ Coil 

56. 

454-02 

Muriatic Acid Cooler 

12. 

431-06 

Silane Storage Tank #2 5 Coil 

■57. 

454-04 

Silica Agglomerator 

13. 

451-08 

Silane Storage Tank #3 5 Coil 

58. 

464-06 

Dry-Out Heater 

14. 

431-10 

Silane Storage Tank #4 § Coil 




IS. • 

441-04 

Silicon Powder Hopper 


REACTORS 

16. 

441-06 

Pyrolysis Hydrogen Receiver 




17. 

441-08 

Silicon Shot Bin 

59. 

42S-02 

Hydrogenation Reactor 

IS. 

451-04 

Liquid Burner Surge Tank 

60. 

435-02 

TCS Redistribution Reactor 

19. 

451-06 

Pressure Relief Catch Tank 

61. 

435-04 

DCS Redistribution Reactor 

20. 

451-08 

Silica Dust Bin 

62. 

445-02 

Pyrolysis Reactor & Hopper 

21. 

451-10 

Waste Silica Neutralizer 




22. 

451-12 

Strong Muriatic Pump Tank 



PUMPS 

23. 

451-14 

Weak Muriatic Pump Tank 




24. 

451-16 

Muriatic Acid Storage Tank 

63. 

426-02 

Quench Contactor Pump, Main 

25. 

451-18 

Transportable Silica Bins 

64. 

426-03 

Quench Contactor Pump, Spar 

26. 

461-02 

Hot Oil Expansion Tank 

65. 

426-04 

Quench Condenser Wash Pump 




66. 

426-06 

Recycle STC Pump, Main 



COLUMNS 

67. 

426-07 

Recycle STC Pump, Spare 




68. 

436-02 

TCS Distillate Pump, Main 

27. 

452-02 

Stripper Column $ Reboiler Coil 

69. 

436-03 

TCS Distillate Pump, Spare 

28. 

432-04 

TCS Column 

70. 

436-04 

DCS Distillate Pump, Main 

29. 

432-06 

DCS Column 

71. 

456-02 

Muriatic Acid Pump #1 

30. 

432-08 

Silane Column § Reboiler Coil 

72. 

456-03 

Muriatic Acid Pump, Spare 

31. 

452-02 

Muriatic Tailing Column 

73. 

456-04 

Muriatic Acid Pump, #2 




74. 

456-06 

Silica Venturi Pump, Main 



COMPRESSORS 

75. 

456-07 

Silica Venturi Pump, Spare 




76. 

456-08 

Tailing Column Pump 

32. 

423-02 

Recycle Hydrogen Compressor, Main 

77. 

466-02 

Hot Oil Pump, Main 

33. 

423-03 

Recycle Hydrogen Compressor, Spare 

78. 

466-04 

Cooling Water Pump, Main 

34. 

443-02 

Pyrolysis Hydrogen Compressor 

79. 

466-05 

Cooling Water Pump, Spare 

35. 

443-04 

Shotting Hydrogen Blower 




56. 

443-06 

Shotting Hydrogen Blower 



FILTERS 

37. 

443-08 

Nitrogen Blower 




38. 

452-02 

Aggloraerator Blower 

80. 

417-02 

MG Silicon Unloading Filter 

39. 

453-04 

Waste Gas Induction Blower, Main 

81. 

427-02 

Crude TCS Filter 

40. 

453-05 

Waste Gas Induction Blower, Spare 

82. 

437-02 

Silane Ultra-Filter 




83. 

447-02 

Silicon Shot Filter 



HEAT EXCHANGERS 

84. 

447-04 

Silicon Shot Filter 




85. 

457-04 

Combustibles Vent Filter 

41. 

424-02 

Quench Condenser 

86. 

457-06 

Silica Bag Filter #1 

42. 

424-04 

Recycle STC Vaporizer 

87. 

457-08 

Silica Bag Filter 

43. 

434-02 

Stripper Condenser 




44. 

434-06 

TCS Column Reboiler 




45. 

434-08 

TCS Column Reboiler 





44 



EQUIPMENT LIST FOR 1000 MT/YR PLANT (CONT'D) 


SOLIDS HANDLING EQUIPNENT 


88. 

428-04 

Metallurgical Silicon Conveyor 

89. 

448-06 

Silicon Shot Conveyor 

90. 

448-08 

Silicon Shot Rotary Valves 

91. 

448-10 

Silicon Shot Scale 

92. 

458-02 

Silica Collection Cyclone 

93. 

458-04 

Bin Packer 

94. 

458-06 

Silica Rotary Air Lock 



MISCELLANEOUS 

95. 

429-02 

Quench 6 Solids Removal Contactor 

96. 

429-04 

Gas Superheater Furnace 

97. 

449-04 

Melting-Shotting Assembly 

■98. 

459-02 

Silica Venturi 

99. 

459-04 

Muriatic Scrubber 

100. 

459-06 

Weak Muriatic Scrubber 

101. 

459-08 

Waste Gas Burner #1 

102. 

459-10 

Waste Gas Burner #2 

103. 

459-12 

Waste Gas Burner #3 

104. 

459-14 

Waste Liquid Burner 

105. 

459-16 

Liquid Burner Agitator 

106. 

469-02 

Cooling Tower 

107. 

469-12 

Refrigeration System 

108. 

469-16 

Hot Oil Heating Furnace 
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NOTE: Approximately 160 pages of Process Equipment 

Functional Specifications have been deleted - 

I This is a typical example. 

6.2 Process Equipment Functional Specifications 


Issue Date: 6/2/80 
Rev: 


LOU COST SILICON SOLAR ARRAY PROJECT 


BIN 


EQUIPMENT NO. CP 41J-02 PROJECT NAME 1000 MT/YR ,1PL 

EQUIPMENT NAME Metal 1 uroical Grade Silicon Storage Bin 

NO. REQUIRED 1 — 


TYPE: 

SUPPORT: 

HEIGHT 


horizontal! ‘ | 

CRADLEQ 


VERTICALfxl 

STANtQ 


24' Overal l DEPTH/WIDTH IS 1 x 16* 


openD 

GUSSETTED LUGS 



MATERIAL OF CONSTRUCTION Steel 


TEMP : D ES I G N Ambient 

PRESS: OESIGN Hr^H.C. ~~ 

SOLIDS TO BE HANDLED Si i icon Powder 
ANGLE OF REPOSE Greater than 4'b° 1 

NORMAL WORKING VOLUME 3000 cu rt ~~~ 
TYPE OF HEADS Flat top, 4b u Siant bottom 


OPERATING Ambient 

OPERATIN G" 2" W.C. ~ 

BULK DENSITY 70 lb/cu. ft. 

MATERIAL CHARACTERISTIC S abrasTveT7.0 MOHj 

' I N ERT I MG/ V ENTI NG •- 

INTERNAL STRUCTURE nnne ~ 


IMARK 


A 

3 

C 


NOZZLE SCHEDULE 


—r- 


NCT 


REMARKS 


SIZT 


h" 


18"xl8" 

6 " 

3” 


DUTY 


Pressure Gauge 
Hatch 
Ini et 

Outl et 


Screwed - "A 
Flanged - "C, E 
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SKETCH 





